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ABSTRACT

Beach nourishment has become common in Florida and it occurs on
beaches that are major loggerhead (Caretta caretta) nesting grounds. Despite
efforts to use beach-quality sand, nourishment sand may be different in grain
size , moisture content, shear resistance and temperature when compared to
native sand. Two main aspects of loggerhead nesting may be affected by
nourishment. First, nourishment may reduce nesting success [(female nesting
emergences/ female total emergences) X 100] due to physical barriers (i.e.,
scarps or steep cliffs) that can impede gravid females. Second, nourishment
may reduce reproductive success {i.e., hatching success) by altering the nestsand environment. The objective of this study was to compare loggerhead
nesting success, nest placement, slopes at nest sites, nest depths, incubation
periods , reproductive success and egg fates among an old renourished beach
{"south"), a recently nourished beach ("treatment") and a natural beach ("control")
at Sebastian Inlet, Florida in 1996, 1997 and 1998.
In all three years, nesting success was significantly different among study
sites. After nourishment (1997), nesting success was reduced at the treatment
site due to a seaward scarp. A year later (1998), the scarp was leveled and
nesting success improved. Nest placement was not significantly different
between study sites prior to nourishm_ent of the treatment study site (1996), but it

was after nourishment (1997) and one-year post-nourishment (1998). After
nourishment, most nests at the treatment beach were placed too close to the
water or too close to the dune. There were no significant differences in the slope
at nest sites in 1997; suggesting females may have selected similar increases in
slope, but at varied cross-shore locations. Nest depths were significantly
shallower at the treatment beach after nourishment, probably due to higher
compaction of the nourishment sand. In addition, incubation periods were
significantly longer on the nourished beaches one year post-nourishment.
Loggerhead hatching success was significantly reduced on the nourished
beaches in 1996 and 1997. The reduction was seen primarily in a larger
proportion of eggs that were arrested early in development. The higher moisture
in the nourishment sand may have impeded gas exchange, which resulted in
decreased hatching success. One year post-nourishment (1998), there were no
significant differences in hatching success. The lack of rainfall in 1998 may have
introduced better incubation conditions on the nourished beaches. Researchers
at the Florida Institute of Technology continued to show that the nourishment
sand exhibited significantly smaller grain size, higher moisture content, lower
temperature and higher shear resistance. These attributes were probably
responsible for many of the results reported herein. However, other variables
such as non-random nest depredation, inlet influences and water table levels
may have also contributed to the results.
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INTRODUCTION

The beaches and barrier islands of the southeastern United States provide
a natural buffer between the land and the sea. During storms they are frequently
battered and rearranged (PRITCHARD, 1992; SYLVESTER and Hsu, 1997).
Geologists describe this as "shoreface retreat," but in the context of coastal
development, it is commonly called erosion (WELLS, 1995). In Florida,
approximately 40% of the beaches are eroding, most at an increased rate due to
the presence of inlets and jetties (CLARK, 1989). Every year, millions of people
either move to or vacation on Florida's coast. In an attempt to protect this
valuable property, coastal engineers have constructed seawalls, revetments,
groins and breakwaters. Unfortunately, many of these devices have either failed
or, in some cases, exacerbated the problem (e.g., CARTER, 1988; SYLVESTER and
Hsu, 1997). An increasingly preferred and effective coastal defense strategy is
beach nourishment.
Beach nourishment involves dumping, trucking or otherwise placing new
sand on the beach to counteract erosion. The new sand usually comes from
offshore borrow areas, inlet sand traps or upland sand mines. After placement,
the sand is graded to a desired profile. The state of Florida spends $20 to $40
million a year on nourishment projects, but offsets these costs with larger
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economic benefits (FtNKL, 1996). Besides temporarily holding back erosion,
nourishment provides a wide beach for tourists (STAUBLE and KRAUSS, 1993;
FINKL, 1996) and results in a more "natural" appearing beach (CARTER, 1988).
Negative impacts on the local fauna may be minimal (e.g., NELSON, 1985; BACA
et al., 1991; CHARLIER and DE MEYER, 1998) or substantial (e.g., NELSON et al.,
1987; STEINrTZ et al., 1998).

Adverse impacts depend largely on the nourishment methodology, the
location and the source material (CARTER, 1988; BACA et al., 1991). Of particular
importance is the source material (NELSON, 1991 ). The properties of the source
sand should closely match those of the native sand (NELSON, 1985; NELSON et
al., 1987; CARTER, 1988; ACKERMAN eta/., 1991; BACA eta/., 1991; ARNOLD and

SOLE, 1994; CHARLIER and DE MEYER, 1998). However, source and native sands
have been significantly different in grain size (NELSON et al., 1987; PARKINSON
and WHITE, 1992; CORNELISEN, 1996; ERNEST et al., 1998), moisture content
(ACKERMAN et al., 1991; BROADWELL, 1991; PARKINSON and WHITE, 1992;
CORNELISEN, 1996), shear resistance (RYDER, 1993; ERNEST et al., 1998; STEINITZ
eta/., 1998) and temperature (LuTzetal., 1991; RYDER, 1993; SHULMAN eta/.,
1994; CORNELISEN, 1996; PARKINSON and MAGRON, 1997; ERNEST et al., 1998).

Recent concern has focused on whether these properties of source sand
adversely affect marine turtle nesting and reproductive success.
Marine turtles live entirely at sea, but females must crawl ashore to nest
(PRITCHARD, 1997). In this respect, beaches are extremely important. Florida's
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beaches account for approximately 90% of the threatened loggerhead (Caretta

caretta) nests in the United States and 30% of the known nests in the entire
world (NATIONAL RESEARCH COUNCIL, 1990). The endangered green turtle

( Chelonia mydas) and leatherback (Dermochelys coriacea) also nest in Florida
though in much lower numbers. During the summer months, nesting female
loggerheads emerge from the ocean at night, find a suitable site, dig a egg
chamber and deposit 70 to 165 eggs (EHRHART and WITHERINGTON, 1987). The
incubation period takes 45 to 70 days after which hatchlings emerge from the
sand and crawl into the water (EHRHART and WITHERINGTON, 1987; NATIONAL
RESEARCH COUNCIL, 1990). Successful completion of this process depends upon
the characteristics of the beach and the nest-sand environment (ACKERMAN et al.,

1991; ACKERMAN, 1997).
The effects of beach nourishment on marine turtles are not completely
detrimental. In Florida, mechanized sand placement now occurs outside the
nesting season and does not directly endanger turtles (ARNOLD, 1995; MEYLAN et

al., 1995). This requirement also avoids the necessity of large-scale nest
relocation programs (BLANK and SAWYER, 1981; PRITCHARD, 1992). One of the
most positive outcomes of nourishment is the creation of nesting habitat where
there was little previously (e.g., WITHAM, 1990; LEBUFF and HAVERFIELD, 1991;
FLYNN, 1992; CRAIN et al., 1995). On some beaches, nesting has even increased
after nourishment (e.g., BACA et al., 1991; FLYNN, 1992). However, some of
these studies have lacked adequate experimental designs (e.g., LEBUFF and
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HAVERFIELD, 1991; FLYNN, 1992; RYDER, 1993) and, therefore, the results were
questionable (ERNEST et al., 1998; STEINITZ et al., 1998).
Nourished beaches have the potential to affect several aspects of nesting.
The two main aspects include effects on nesting success [(female nesting
emergences I female total emergences) X 100] and reproductive success (i.e.,
hatching success). The first is the possible impediment of females attempting to
nest, which reduces nesting success. The second is the alteration of the nestsand environment. Inferior nest-sand environments may reduce hatching and
emerging success. Related to both nesting and reproductive success is the
possible disruption of loggerhead nest site selection or nest placement. Turtles
may be unable to nest in suitable areas of the beach due to physical barriers
(e.g., scarps) or because possible cues to nest (e.g., increases in beach slope)
are absent (WOOD, 1998).
Most of the detrimental effects that have been found involve nesting
success and not reproductive success (e.g., STEINITZ, et al., 1998). Scarps (i.e.,
steep cliffs) have impeded gravid females and resulted in a higher percentage of
abandoned nesting attempts or "false crawls" on nourished beaches (RAYMOND,
1984; NELSON and DICKERSON, 1988; RYDER, 1993; EHRHART and UONG, 1996;
ERNEST et al., 1998; STEINITZ, et al., 1998). In addition, truncated beach profiles
have caused females to deposit nests too close to the water or too close to the
dune (e.g., RAYMOND, 1984). Nests in these areas have reduced hatching
success (CALDWELL, 1959; CARR, 1967; BUSTARD and GREENHAM, 1968; FOWLER,
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1979; RAYMOND, 1984). Despite differences in sand quality, few differences in
hatching success between natural (i.e., control) and nourished beaches have
been documented (RAYMOND, 1984; NELSON et al., 1987; WITHAM, 1990;
BROADWELL, 1991; LUTZ et al., 1991; BURNEY and MATTISON, 1992; RYDER, 1993;
MILTON et al. , 1997; ECOLOGICAL ASSOCIATES, 1998a; locco, 1998; STEINITZ et al.,

1998). Only two studies reported significantly lower hatching success, but the
results were either difficult to explain or hampered by low sample sizes
(EHRHART, 1995; ECOLOGICALASSOCIATES, 1998b).

The purpose of this study was to compare loggerhead nesting success,
nest placement (i.e. , nest site selection) and reproductive success between a
natural beach, an old renourished beach and a recently nourished beach. The
null hypothesis was that there were no differences among the study sites in any
of the parameters measured. The first chapter covers nest totals, nesting
success and nest depth comparisons while the second chapter covers nest site
selection , incubation periods and reproductive success comparisons. The
discussions at the end of each chapter take into account the physical properties
of the nesting beaches collected and analyzed by coastal geologists from the
Florida Institute of Technology (PARKINSON and MAGRON, 1997; PARKINSON and
LUCAS, 1998).
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STUDY SITES

The study was conducted during the summers of 1996, 1997 and 1998
near Sebastian Inlet, which is 24.6 km south of Melbourne Beach, Florida, USA
(28° 4' 12" N, 80° 33' 30" W; Figure 1). Sebastian Inlet is located within an area
of East Central Florida that has annually supported thousands of nesting turtles.
The 40 km stretch of beach north of the Inlet accounts for approximately 40% of
all loggerhead nests in Florida and has nest densities in excess of 800 nests per
km (MEYLAN et al., 1995; EHRHART et al., 1996). In addition, the study sites were
located within the Sebastian Inlet State Recreation Area and, therefore, at night
they were relatively free of lights and human traffic. Dominant plants on the
primary dunes included sea oats ( Uniola paniculata), railroad vine (/pomoea pes-

caprae), beach morning glory (/pomoea imperatJ) and sea grape (Coccoloba
uvifera). The primary egg predators included raccoons (Procyon lotor) and ghost
crabs ( Ocypode quadrata).
Sebastian Inlet was dredged to its current alignment in 1948 and periodic
dredging is required to keep it open (BRUUN, 1978). The area surrounding the
Inlet has a tidal range between 0.5 and 1.25 m and is wave-dominated
(PARKINSON and WHITE, 1992). The natural north to south littoral drift is
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Figure 1. Location of Sebastian Inlet, Florida and the control, south and
treatment study sites. The location of the control study site was moved farther
north in 1998 due to logistical problems.
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interrupted by the Inlet, which has caused severe erosion on the beaches to the
south 0/VANG and LIN, 1992).
I used three 200 m long study sites originally chosen by coastal geologists
at the Florida Institute of Technology (PARKINSON and WHITE, 1992; Figure 1).
The sites fit within the minimum design length for the beach renourishment
projects specified in the Sebastian Inlet Tax District's (S.I.T.D.) Inlet Management
Plan (CORNELISEN, 1996). The plan estimated that approximately 70,600 cubic
yards of sand per year should be placed on the south beaches to offset the
erosive effects of the Inlet (COASTAL TECHNOLOGY, 1988). In 1990 and 1993, the
S.I.T.D. dredged sand from the navigation channel and sand trap and deposited
it on the beach approximately 0.65 to 1.2 km south of the inlet. The south study
site was located in this area, approximately 1 km south of the inlet (Figure 1).
The north boundary marker was at 27° 51' 08.66136" N, 80° 26' 36.88272" W
and the south boundary was at 27° 51' 02.38552" N, 80° 26' 33.48374" W near
Florida Department of Environmental Protection (FL D.E.P.) markers R3 and R4
(Figure 1). During 1996, 1997 and 1998, it had been three, four and five years,
respectively, since the last renourishment.
In January 1997, the S.I.T.D. began a second nourishment project. This
project involved trucking in beach quality sand from an upland sand mine and
depositing it approximately 2.3 to 3.4 km south of the inlet. The treatment study
site was located in this area, approximately 2. 7 km south of the inlet (Figure 1).
The north boundary was at 27° 50' 16.13256" N, 80° 26' 08.51244" Wand the
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south boundary was at 27° 50' 10.32222" N, 80° 26' 05.39491" W near FL D.E.P.
markers R9 and R 10 (Figure 1). In April 1997, just prior to the beginning of the
nesting season, the S.I.T.D. used bulldozers to level a scarp that had formed
after the beach was graded. The S.I.T.D. also leveled a scarp before the 1998
season. In 1996, 1997 and 1998, this beach was considered pre-nourished,
nourished and one year post-nourished, respectively.
The control study site had never been nourished and, in 1996 and 1997, it
was located approximately 0.8 km north of the inlet (Figure 1). The north
boundary marker was at 27° 52' 11.51828" N, 80° 27' 06.79596" Wand the south
boundary marker was at 27° 52' 05.66746" N, 80° 27' 03.53058" W near FL
D.E.P. markers R216 and R217 (Figure 1). In 1998, the control study site was
moved due to logistic problems to approximately 1.5 km north of the inlet. At this
site, the north boundary marker was at 27° 52' 34.01819" N, 80° 27' 19.58487" W
and the south boundary marker was at 27° 52' 27.38751" N, 80° 27' 15.73078" W
near FL D.E.P. markers R213 and R214 (Figure 1). There were no significant
differences in grain size distributions between the two locations (R. PARKINSON,
pers. comm.) and both control sites were free of inlet influence (VENANZI, 1992).
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THE EFFECT OF BEACH NOURISHMENT ON LOGGERHEAD (Caretta caretta)
NESTING SUCCESS AND NEST DEPTHS AT SEBASTIAN INLET, FLORIDA

Introduction
Many reptiles dig nests and deposit eggs under the soil , including turtles
(e.g ., JANZEN, 1994; CALDWELL, 1959), lizards (e.g ., MUTH, 1980; BOCK and RAND,
1989), snakes (e.g. , BURGER, 1990; BURGER and ZAPPALORTI, 1991) and
crocodilians (e.g. , KUSHLAN and JACOBSEN, 1990). However, the nest site
selection and excavation process can be energetically costly and may be
abandoned if the environment is unsuitable (ZuG, 1993). Pine snakes (Pituophis
m. melanoleucus) frequently dig and then abandon nest excavations due to
obtrusive roots (Burger and ZAPPALORTI, 1991 ). In turtles, abandonment may
occur during nest site selection, preparation of the site or digging of the egg
chamber (EHRENFELD, 1979; RAYMOND, 1984; HAILMAN and ELOWSON, 1992).
Abandoned nesting attempts (also called "false crawls") have been
extensively documented in threatened loggerhead turtles ( Caretta caretta), but
the causes are not always clear (DODD, 1988; NELSON, 1988; MILLER, 1997). Like
all marine turtles, loggerheads have limbs that are well suited for swimming but
poorly adapted for terrestrial locomotion (PRITCHARD, 1997). Gravid females that
crawl ashore to nest have been described as "clumsy" (BUSTARD, 1972) and their
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movements labored (CARR and OGREN, 1959).

Even so, they sometimes crawl

more than 20 m inland and begin digging, only to abandon the attempt. Possible
reasons for abandoned nesting attempts include obstacles (WITHAM, 1982;
NELSON et al., 1987; BOUCHARD et al., 1998), lights (RAYMOND, 1984;
WITHERINGTON, 1986; WITHERINGTON and MARTIN, 1996), injured flippers (RYDER,

1993), compacted sand (NELSON, 1988), human or predator presence (NELSON,
1988; DODD, 1988) or endogenous factors (RAYMOND, 1984). One factor that
may be responsible for an increased number of abandoned nesting attempts in
Florida is beach nourishment.
Both loggerhead nesting and beach nourishment projects are common in
Florida (MEYLAN et al., 1995). The southeastern United States loggerhead
nesting aggregation is recognized as the second largest in the world, and 90% of
the nesting occurs in Florida (NATIONAL RESEARCH COUNCIL, 1990). At the same
time, many of the state's beaches have been or will be nourished due to
increased erosion and the high economic value of beachfront property (CLARK,

1989; FINKL, 1996; STEINITZ et al., 1998). Beach nourishment typically involves
dumping, pumping or trucking source sand on to the beach and then grading the
beach to a desired profile. Since mechanized sand placement now occurs
outside the nesting season (ARNOLD, 1995; MEYLAN et al., 1995), the greatest
threat to nesting has to do with the quality of the sand and the manner of
placement (NELSON et al., 1987; NELSON, 1991; CRAIN et al., 1995; LUTCAVAGE et

al., 1997).

11

Nourished beaches may affect the nesting process in two ways. Scarps
may deter females from reaching nest sites and the compact nature of the sand
may prevent females from digging nests. The number of nests and abandoned
attempts can be summarized best in terms of nesting success [(female nesting
emergences/ female total emergences) X 100]. Nesting success on natural
beaches ranges from 40% - 60% (EHRHARt and RAYMOND, 1983; NELSON, 1988;
MEYLAN et al., 1995). However, loggerhead nesting success has been
significantly reduced on nourished beaches due to seaward scarps that have
prevented turtles from reaching nest sites (RAYMOND, 1984; NELSON et al., 1987;
NELSON and DICKERSON, 1988; RYDER, 1993; BAGLEY et al., 1994; EHRHART and
UONG, 1996; ERNEST

et al., 1998;

STEINITZ,

et al., 1998).

A high proportion of

non-digging abandoned attempts found below scarps would support this
contention, yet few studies report such data (see RAYMOND, 1984). Turtles may
also be inhibited from digging in nourishment sand. If so, the number of
abandoned egg chambers should be higher on nourished beaches (NELSON et

al., 1987). Nourishment sand can be more difficult to penetrate (RAYMOND, 1983;
NELSON

et al., 1987;

PARKINSON and RYDER, 1992; CORNELISEN, 1996; ERNEST

et

al., 1998), but not result in females abandoning egg chambers (RAYMOND, 1984;
ERNEST et al., 1998).
Even if loggerheads can dig nests and deposit eggs in nourishment sand,
the egg chamber may be shallower than normal. Loggerheads excavate flaskshaped egg chambers that range in depth from 43 to 86 cm (NELSON

12

et al., 1987;

DODD, 1988). Abnormally shaped chambers have been documented on
nourished beaches (RAYMOND, 1984; NELSON et al., 1987; RYDER, 1993), but not
shallower ones (NELSON et al., 1987; RYDER, 1993; CARTHY, 1994; CRAIN et al.,
1995; ERNEST et al., 1998). Shallower nests could be detrimental to hatching
success by exposing eggs to greater extremes in temperature (ACKERMAN et al.,
1992) and by making them easier targets for predators (EHRHART and
WITHERINGTON, 1987).
The purpose of this study was to compare the numbers of nests and
abandoned nesting attempts, nesting success, types of abandoned nesting
attempts, and nest depths among the control study site (natural), the south study
site (old renourished) and the treatment study site (recently nourished beach).
Since the treatment site was nourished during the second year of the study
( 1997), I was able to examine pre-nourishment and post-nourishment nest totals
on this beach. Physical measurements were collected on the same study sites
by researchers at the Florida Institute of Technology (PARKINSON and MAGRON,
1997; PARKINSON and LUCAS, 1998). In the discussion, I will relate the nesting
results with physical factors of the three beaches.

Methods
Nesting Surveys
The control, south and treatment study sites were traversed each day at
dawn from 1 May until 31 August and every third day after that until 15
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September in 1996, 1997 and 1998. Nests were verified to the exact location by
hand digging and exposure of the uppermost eggs. All abandoned nesting
attempts were also recorded. Chi-square contingency tables were used to test
for differences in the number of nests and abandoned attempts among study
sites and years (HEATH , 1995). In 1997 and 1998, I categorized abandoned
attempts as either non-digging, abandoned body pit or abandoned cavity. I used
Chi-square contingency tables to test for differences in abandoned attempt
categories among study sites and years (HEATH , 1995). I recorded the presence
or absence of scarps or roots near abandoned attempts. Loggerhead crawls that
exhibited obvious flipper injuries were also noted.

Nest Depths
I buried a marked plastic cup 15 cm deep and 0.5 m north and south of
each nest for use in measuring nest depths (Figure 2). The cups were used as
fixed reference points to obtain the sand levels at the time of nest deposition.
Initial cup depths were recorded as the distance (cm) from the top of the cup to
the level of sand on the surrounding beach. During nest inventories, the cups
were remeasured to their initial depths. I placed a plumb line connected to
wooden dowels across the egg chamber and at the level of the initial cup depths.
The nest depth was recorded as the distance from the bottom of the nest to this
plumb line. In addition , the depth of the body cavity was not separated from the
depth of the egg chamber, but together they constituted the nest depth
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Beach Surface

0.

::,

0

Egg Chamber

Figure 2. Measurement of nest depth using cups buried next to the egg
chamber. The cups were used as reference points to obtain the level of the
beach surface when the nest was deposited. The nest depth was measured
from the bottom of the egg chamber to the beach surface. The depth of the body
pit was not measured , but was included in overall nest depth.
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(Figure 2) . I used a one-way ANOVA for analysis of nest depths among study
sites (HEATH, 1995). If significance was found, Bonferroni's multiple comparison
tests were used to determine significant differences among study sites (HEATH,
1995).

Beach Profiles
In 1997 and 1998, I used a clinometer to measure beach profiles at crossshore transects (Figure 3). The clinometer consisted of a Fiskars protractor with
a rotating measuring arm that measured angles in 1 degree increments from O
degrees to 180 degrees. I glued a line level to the protractor arm at 90 degrees
and calibrated it with a second level on a flat surface. The protractor was then
screwed in to a 20 cm block of wood on a level surface. I measured slopes by
placing the clinometer on a surface, swinging the protractor arm until the bubble
in the level was centered and reading the deviation from 90 degrees (Figure 3).
took slope readings on a solid flat meter stick to negate small disturbances on
the sand surface.
I measured cross-shore profiles at the end of each month from May to
September in 1997 and in June 1998 at one randomly selected cross-shore
transect per study site . Slopes were measured in 1 m increments from the top of
the dune (reference) to the water line. At salient profile changes, slopes were
measured in 20 cm increments. I converted these slope measurements into
height and distance coordinates with the following standard geometric formulas:
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Level

[ cp l

Protractor

Figure 3. Clinometer used to measure profiles and slopes. The device was
constructed using a line level glued to a protractor with a swivel arm (see text for
description of use) .
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(1) h = sin(s(II)/180)(I)
and
(2) d = (12 - (h)2)0.s ,

where h

=height, d =distance, s =slope and I =length of increment.

The height

and distances were summed and graphed to show the profile of the beach at the
selected transect. The profiles were compared among study sites to show the
differences among beaches and changes over time at the treatment beach.

Organization and Analysis of Data
Specialized forms were used to record all data in the field. The data were
compiled and organized using Excel 7.0 spreadsheet software (MICROSOFT,
1996). Statistical analyses were performed by Prism 3.0 (GRAPHPAD, 1999).

Results
Total Emergences and Nests
The number of loggerhead emergences in 1996, 1997 and 1998 was
much higher in the control study site, than the south study site or the treatment
study site (Table 1). Emergences at the treatment study site decreased from 112
prior to nourishment (1996) to 53 after nourishment (1997), down 52.7%. The
other study sites did not experience the same decreases.
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Table 1. The number of nests and abandoned attempts at the control, south and
treatment study sites during 1996, 1997 and 1998.

Control

South

Treatment

Nests

269

153

117

Abandoned
attempts

355

136

146

TOTAL

624

289

263

Crawl T

e
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The control site had higher numbers of loggerhead nests and abandoned
attempts during all three years (Table 1). Nest totals from 1996 to 1998 varied
by as much as 16 nests in the control study site and 11 nests in the south study
site (Figure 4). However, by comparison there was a dramatic reduction in nests
recorded at the treatment study site in 1997 (Figure 4). The number of nests on
this beach decreased from 63 nests in 1996 to only 12 nests in 1997 (decrease
of 80.9%) . In 1998, nesting rebounded to 42 nests at the treatment site (Figure
4) .

Nesting Success
The number of nests and abandoned attempts was significantly different
among study sites in 1996 (Chi-square= 12.90, p = 0.0016), 1997 (Chi-square=
19.28, p < 0.0001) and 1998 (Chi-square= 7.02, p = 0.0300; Figure 5). In both
1996 and 1998, nesting success was lowest at the control study site, highest at
the south study site and intermediate at the treatment study site (Figure 5). In
1997, nesting success at the treatment beach was only 23%. During the same
year, nesting success was 46% at the south beach and 57% at the control
beach . In 1998, the pattern returned to that of 1996, except that nesting success
was lower at all the sites and particularly at the control site (34%).
The number of nests and abandoned attempts was also significantly
different among years at the control study site (Chi-square= 23.31, p < 0.0001 ),
the south study site (Chi-square = 11.60, p = 0.003) and the treatment study site
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Figure 4. The total number of nests deposited in the control, south and treatment
study sites in 1996, 1997, and 1998.
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Figure 5. Nesting success(%) at the control, south and treatment study sites in
1996, 1997, and 1998.
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(Chi-square = 16.54, p

= 0.0003). Nesting success at the control study site was

highest in 1997 (57%) and was lowest in 1998 (34%; Figure 5). Nesting success
at the south study site was highest in 1996 (69%) and then went down to almost
the same level in 1997 (46%) and 1998 (47%). In contrast, nesting success at
the treatment study site was highest in 1996 (56%; pre-nourishment), decreased
dramatically in 1997 (23%; nourishment) and then rebounded in 1998 (43%; one
year post-nourishment; Figure 5).

Abandoned Attempts
There were significant differences in the proportions of non-digging
attempts, abandoned body pits and abandoned cavities among study sites in
1997 (Chi-square= 17.88, p = 0.0013; Figure 6). At the treatment study site,
85% were non-digging attempts, compared with 78% non-digging attempts at the
south beach and only 51 % non-digging attempts at the control beach. In
contrast, the proportion of abandoned body pits was 46% at the control study
site, compared to only 20% at the south study site and 12% at the treatment
study site. Abandoned cavities were relatively infrequent at all the study sites
and comprised only 1 to 3% of the total number of abandoned attempts (Figure

6).
In 1997, multiple abandoned egg chambers and body pits were more
prevalent at the south study site and the control study site. At the south study
site, 8% of the abandoned digging attempts were associated with rear flipper
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Figure 6. Comparison of the types of abandoned attempts in control, south and
treatment study sites during 1997 and 1998. C = control study site, S = south
study site , T = treatment study site .
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injuries. At the control study site , 12% of the abandoned digging attempts were
associated with rear flipper injuries. Turtles with injured rear flippers were not
reported at the treatment site. In addition, 42% of the abandoned attempts at the
control site ended in the dune vegetation. This was compared to only 17% that
ended in the dune vegetation at the south site and 7% at the treatment site,
suggesting that obtrusive plant roots may have prevented digging at the control
site.
In 1998, there were no significant differences in the proportions of nondigging attempts, abandoned body pits and abandoned cavities among study
sites (Chi-square= 0.797 , p = 0.9389; Figure 6). At all study sites, the majority of
abandoned attempts were non-digging (61 % - 66%) , followed by abandoned
body pits (23% - 25%) and abandoned egg chambers (9% - 11 %). When
compared to 1997, the proportions of non-digging attempts increased
significantly at the control study site (Chi-square = 13.98; p = 0.0009; Figure 6).
In addition , the proportion of abandoned egg chambers increased in 1998 for all
study sites (Figure 6). Significant differences were found between crawl types
and year for the treatment study site (Chi-square= 7.20; p = 0.0273), but not for
the south study site (Chi-square= 3.31; p = 0.1913). In 1998, multiple
abandoned egg chambers and body pits were higher at the south beach, but
overall the proportions were similar among beaches and associated with turtles
with injured flippers or those that were digging in obtrusive roots.
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Nest Depths
Mean nest depths were significantly different among study sites in 1997
(ANOVA, F

=8.80, p =0.0003; Figure 7).

Nests at the treatment study site were

significantly shallower than at the control and south study sites (Figure 7). There
was no significant difference in mean nest depths between the control beach and
the south beach (Figure 7).

Beach Profiles
In 1997, a nourishment scarp formed in May and was present throughout
the nesting season (May through September) at the treatment study site (Figure
8). The scarp averaged 48.1 cm in height (SEM = 4.32; n = 26) and was located
15 to 17 m from the top of the dune during most of the summer. Almost all of the
loggerheads that made non-digging attempts at the treatment beach (97%)
stayed below the seaward scarp. Of the turtles that abandoned nesting attempts,
most did not crawl over the scarp (90%) and just over half (56%) contacted the
scarp before returning to the water. In contrast, temporary scarps appeared to
have interrupted only 7% of the nesting attempts at the south site and none at
the control site.
Eventually, the nourishment sand was removed by waves and the scarp
moved landward (Figure 9). By April 1998, it was 6 to 8 m from the top of the
dune. The S.I.T.D. leveled the scarp prior to the start of the 1998 season and the
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PROFILES - JUNE 97
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28

TREATMENT BEACH PROFILE - MAY 97 TO JUNE 98
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Figure 9. Cross-shore profiles of the treatment study site in May 1997, June
1997, September 1997 and June 1998. Height and distance measurements
were standardized from a permanent stake on the top of the dune. The arrows
point to the locations of the scarp that lasted throughout the entire 1997 nesting
season . Note the removal of nourished sand and migration of the scarp
landward. The winter scarp was smoothed before May 1998 and the resulting
beach profile in June 1998 was completely devoid of scarps.
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profile that resulted was much more conducive to nesting (Figure 9). By that
time, much of the nourishment sand had been either reworked or removed by
waves.

Discussion
Total Emergences and Nests
The comparatively high nest totals recorded at the control study site were
likely the result of regional trends. Over 20 years ago, twice as many
loggerheads nested on the north side of Sebastian Inlet as on the south side
(PHILLIPS, 1975). Recent surveys have also shown a regional north to south
decrease in nesting from a peak 7 to 10 km north of Sebastian Inlet (RYDER,
1993; EHRHART et al., 1996; MEYLAN et al., 1995). The reason for the differences
in nest numbers between the north and south beaches were, therefore, unrelated
to beach nourishment. Instead, the presence of near-shore worm rock reefs,
local currents or ocean floor topography probably acted to displace nesting
loggerheads to the north (PHILLIPS, 1975; MORTIMER, 1982; PROVANCHA and
EHRHART, 1987; EHRHART, 1994; ECOLOGICAL ASSOCIATES, 1998a; STEINITZ et al.,
1998). It is unlikely that these features changed during the study to effectively
alter nest distributions.
The evidence for a nourishment effect on nesting was strong despite the
fact that nest numbers commonly fluctuate from year to year for unknown
reasons (DAVIS et al., 1996; MEYLAN et al., 1995; EHRHART et al., 1996). Physical
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features of the beach probably influence nesting activity more than any other
factor (CALDWELL, 1959). Since loggerheads favor moderately sloped, narrower
beaches, some females may have simply avoided the flatter, wider nourished
beach (PROVANCHA and EHRHART, 1987; ERNEST et al., 1998). Loggerheads
nested at the treatment study site after nourishment, but they did so in much
lower numbers than they had prior to nourishment (Figure 4). The nourishment
scarp that formed at the beginning of the 1997 season inhibited nesting. In 1998
no scarp formed and nesting increased at the treatment study site. There were
no large decreases in the number of nests and no permanent scarps on the other
two study sites in 1997 (Figures 4, 8).

Nesting Success
The significant differences in nesting success provided stronger evidence
for a nourishment effect. Prior to nourishment in 1996, the south study site had
the highest nesting success, the treatment study site was intermediate and the
control study site was lowest. This pattern has continued on these study sites
through the summer of 1999, with the exception of the 1997 nourishment year
(Figure 10; L. EHRHART, pers. comm.). During 1997, nesting success was only
23% due to the seaward scarp (Figures 5, 10).
Scarps have deterred nesting on natural beaches, but their presence is
more common on nourished beaches (CALDWELL, 1959; CRAIN et al., 1995).
Significantly lower nesting success on nourished beaches has been directly
related to the effect of scarps (RAYMOND, 1984; NELSON et al., 1987; EHRHART
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and UONG, 1996; ERNEST et al., 1998; STEINITZ et al., 1998). When significant
differences in nesting success were not found, there was also no mention of
scarp formation (RYDER, 1993; DAVIS et al. , 1996).
Several physical properties of the nourishment sand were more conducive
to scarp formation . Scarps form when the beach profile adjusts to the local wave
environment (NELSON et al. , 1987; CARTER, 1988; ERNEST et al., 1998).
Nourished beaches are likely to take more time to adjust because of the large
volume of non-native sand on the beach. The treatment scarp lasted the entire
season probably because of the time required for the profile to adjust to the wave
environment and the significantly greater shear resistance of the sand
(PARKINSON and MAGRON, 1998). Shear resistance is the ability of the soil to
resist stress (HILLEL, 1998). In other words , the scarp resisted the tendency to
collapse and erode over time. Shear resistance is increased in sands with
smaller grain sizes and high moisture content (NELSON and DICKERSON, 1988;
HILLEL, 1998), both of which were found at the treatment study site in 1997
(PARKINSON and MAGRON, 1997).
The height of the scarp prevented most of the turtles from surmounting it.
Loggerheads are likely to be deterred at scarp heights above 20 cm (NELSON and
BLIHOVDE, 1998). I found scarp heights averaged 54.5 ± 4.59 cm (n = 16) when
turtles stayed below the scarp and averaged 38.0 ± 4.75 cm (n = 10) when they
had gone above it. These means were significantly different (t-test, t = 2.383, p =
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0.0254), and strongly suggested there was an upper height limit that loggerheads
could not or would not surmount.
The nourishment scarp formed near the spring high tide line and
prevented females from reaching the upper beach where they typically nest.
Loggerheads usually place nests several meters seaward of the primary dune
face (NELSON, 1988; WooD, 1998). Since the scarp was located close to the
spring high tide line, most of the females aborted their attempts to nest.
However, some loggerheads nested below the scarp (42%) . These nests
suffered tidal inundation and , consequently, poor reproductive success. Leveling
the scarp during the nesting season was not an option since I did not translocate
nests to safe areas as some projects have done (BACA et al., 1991; BURNEY and
MATTISON, 1992; HIGGINS and FISHER, 1993).
Loggerheads that abandon nesting attempts will try again either the same
night or on subsequent nights (DODD, 1988). Nesting females that run into
obstacles are probably displaced to adjacent beaches (RAYMOND, 1984; BURNEY
and MATTISON , 1992; EHRHART and UONG, 1996; BOUCHARD et al., 1998). For
example, over four years and several renourishments at Patrick Air Force Base,
Florida , the beach sections with the highest loggerhead nesting densities
consistently shifted away from sections with nourishment scarps (EHRHART and
UONG, 1996). If this commonly occurs, then a recommendation would be to
nourish many shorter beach sections instead of one long one . This would ensure
that turtles would not have far to move and , therefore , would be less likely to nest
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in sub-optimal areas. Successful displacement would mitigate the potential
negative effects of scarps. In this study, I had no way of tracking individual
females and so I did not know if displacement occurred on the treatment study
site in 1997.

Abandoned Attempts
In 1997, almost all the abandoned attempts at the treatment study site
were of the non-digging type (Figure 6). Most females simply crawled up to the
seaward scarp and then turned to crawl back to the water. However, out of the
37 abandoned attempts that were below the scarp , 38% were seaward of the
permanent scarp . Females might have perceived that the beach was not a
suitable nesting site just after emergence (CALDWELL; 1959; SALMON et al.,
1995a; ERNEST et al., 1998). In general, more nesting takes place on moderately
sloped and narrower beaches backed by high dunes (CALDWELL, 1959; CAMHI,
1993; ERNEST et al. , 1998). The profile of the dune horizon may act to enhance
nesting if it is sufficiently high enough (CAMHt, 1993; SALMON et al., 1995a). If so,
then turtles on the treatment beach may have sensed the flat nourishment berm
instead of an irregular dune rise , and decided to abort the attempt before going
further.
There was also reason to believe that a second seaward , yet smaller
nourishment scarp deterred turtles almost immediately after they emerged on the
treatment beach (Figure 11 ). This scarp formed in July 1997 and lasted through
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Figure 11 . Cross-shore profiles of the treatment study site during July 1997 and
August 1997 with the number of abandoned attempts. The large arrow points to
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August 1997. Out of the 14 crawls that did not reach the original scarp, 36%
were made by females that had contacted this second smaller scarp (Figure 11 ).
The beach profile declined between the seaward scarp and the more permanent
scarp. Females may have gotten over this smaller scarp only to abort their
attempt due to the unexpected decrease in slope (Figure 11 ).
Despite the harder substrate, turtles could dig in the nourishment sand
and the proportion of abandoned cavities was similar among beaches (Figure 6).
In 1997, the treatment study site had significantly higher shear resistance on
60% of the sampling dates when compared to the control study site (PARKINSON
and MAGRON , 1997). However, greater shear resistance does not necessarily
mean increased compaction (NELSON and DICKERSON, 1988; ACKERMAN, 1997).
Compaction refers to the reduction in volume towards a greater density (NELSON
and DICKERSON , 1988; HILLEL, 1998). When PARKINSON and MAGRON (1997)
compared bulk densities between the treatment study site and the control study
site , they found no significant differences. Although it may not have been more
dense , the nourishment sand was nevertheless harder to penetrate. This did not
prevent females from digging. Of the turtles that did make it over the scarp and
began to dig , 70% nested in the nourishment substrate.
Compacted sand has not prevented turtles from digging on other
nourished beaches (NELSON et al., 1987; WOLF, 1988; RYDER, 1993; DAVIS et al.,
1999). Loggerheads may be able to dig in a wider range of compact sands than
previously thought (RYDER, 1993; MONTAGUE, 1993; FOOTE and SPRINKEL, 1994;
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DAVIS et al., 1999). The level of shear resistance that affects digging behavior is
thought to be at 500 cone index units (NELSON et al., 1987). However, shear
resistant measurements on West Coast Florida beaches can exceed 500 cone
index units and, yet, loggerheads still nest on those beaches (FOOTE and
SPRINKEL, 1994). It is possible that the current tools used to measure
compaction (e.g., cone penetrometer) do not reflect the manner in which turtle's
dig (DAVIS et al., 1999). In 1997, the number of abandoned egg chambers was
associated with damaged rear flippers or hard obstacles under the sand (e.g.,
roots), and not necessarily the consistency of the sand. However, in 1998,
abandoned egg chambers were more commonplace at all the study sites. This
was probably due to the dryness of the sand. In 1998, rainfall at Sebastian Inlet
was much lower than in the last several years (R. JOHNS, pers. comm.). Total
rainfall at Sebastian Inlet for both May 1998 and June 1998 was 81% less than in
1996 and 78% less than in 1997. Low moisture can make nest construction
difficult because the sand loses its cohesion and collapses (BUSTARD and
GREENHAM, 1968; MORTIMER, 1990).

Nest Depths
Although turtles were not prevented from digging, I found that egg
chambers were significantly shallower at the treatment study site in 1997 (Figure
7). In other studies, significantly shallower egg chambers have not been found
(NELSON eta/., 1987; RYDER, 1993; CARTHY, 1994; CRAIN eta/., 1995; ERNEST et
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al., 1998). The depth of the egg chamber is assumed to be a function of the

length of the hind limb and the size of the rear flippers (HAILMAN and ELOWSON,
1992; MILLER, 1997). However, there may be a considerable behavioral
component to nest depth (CARTHY, 1994). One of the most obvious ways
females can adjust the overall nest depth is to adjust the depth of the body pit.
Body pit depths were not measured in the present study. They could have
accounted for the overall difference in nest depth because turtles dig
comparatively deeper body pits in drier sand to reach the moist sand underneath
(MILLER, 1997). Since the control study site was lower in moisture and shear
resistance (PARKINSON AND MAGRON , 1997), turtles may have dug deeper body
pits on this beach . Some evidence supports this hypothesis. Loggerheads on
other renourished beaches threw very little sand upon covering nests (RYDER,
1993). They also took a longer time to dig the egg chamber (RAYMOND, 1984;
NELSON and DICKERSON , 1988; ERNEST et al. , 1998). Most of the nests at the
control site typically had much more sand thrown over them than nests on the
treatment beach (pers. obs.) . These behavioral differences indicated that
loggerheads might have dug shallower body pits on the treatment beach and
deeper body pits on the control beach.

I observed some nests at the treatment study site with abnormally shaped
nest cavities. These nests did not have the typical flask-shaped appearance, but
instead were more tapered and narrow. Turtles appeared to have difficulty
excavating the bottom edges of the egg chamber (pers. obs.). Other studies
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have also reported abnormal egg chambers in nourishment sand (RAYMOND,
1984; NELSON et al. , 1987; RYDER, 1993). Both shallow nests and narrow
chambers can result in eggs overflowing the chamber. Eggs may be very near
the surface and even crushed by the female during nest covering (EHRHART and
RAYMOND, 1983; MILLER, 1997). Because they were closer to the surface, the
nests at the treatment study site may also have been exposed to more extremes
in temperature (ACKERMAN et al. , 1992) or depredation by raccoons (EHRHART
and WITHERINGTON , 1987). Raccoons were not common at the treatment study
site in 1997, but in 1998 they destroyed 42% of all nests deposited. It is not
known if this was due to the relative abundance of raccoons , abundance of nests
or shallow, abnormally shaped nest chambers.

Limitations and Possible Sources of Error
The larger number of emergences at the control study site was not related
to favorable nesting conditions. Except for 1997, more turtles aborted nesting
attempts at this beach than the two nourished beaches . In 1997, most nonnesting crawls were abandoned body pits. During that year, increased
proportions of abandoned body pits may have been related to the negative
influence of vegetation . Most of the nests on nearby beaches are deposited
seaward of the vegetation (RAYMOND, 1984). I also found that most nests at the
control beach were deposited nearly 3 m seaward of the vegetation line (mean =
2.52 ± 0.315 m, n = 90). This may be because vegetative roots can prevent
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digging (CALDWELL, 1959; HAYS and SPEAKMAN, 1993). In 1997, 71% of the
abandoned body pits at the control study site were within 1 m of the vegetation,
suggesting that roots inhibited digging.
In 1998, nesting success may have been reduced at the control beach
due to drought conditions that occurred during the nesting season (R. JOHNS,
pers . comm.) . Nest chambers tend to collapse easily in dry sand, especially in
sand with larger grain sizes (CALDWELL, 1959; BUSTARD and GREENHAM, 1968;
MORTIMER, 1990). Turtles may have been able to sense this prior to digging
(e.g ., by the sand's temperature or cohesiveness) since the majority of the
abandoned attempts were of the non-digging type in 1998. Ironically, the
nourishment sand appeared to have been easier to nest in than the native sand
during the abnormally dry summer of 1998.
Since the last nourishment in 1993, the south study site has become more
similar to the control study site in shear resistance, moisture content and
temperature (CORNELISEN , 1996; PARKINSON and MAGRON, 1997). However,
significantly smaller grain sizes, higher shear resistance, and higher moisture
content still persist on some parts of the beach (PARKINSON and MAGRON, 1997).
This is especially true at the base of the primary dunes in an area where the old
nourishment sand remains and has not been lost or reworked by high tides.
Most of the turtles nested in this area , yet nest chamber excavation was not
hindered.
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More difficult to explain, though , was why nesting success went down at
the south site in 1997 and continued to stay low in 1998. This beach periodically
erodes into the primary dune face during storms. Many studies have reported
low nesting at eroded beaches that abruptly end at a primary dune scarp (WOLF,
1988; WITHAM, 1990; FLYNN , 1992; GEOMAR, 1997; STEINITZ et al., 1998).
However, the south study site appeared to have been getting wider and accreting
(i.e., gaining sand) during the summers of 1997 and 1998. Larger fluctuations in
beach width due to the shallow slope may have exposed more non-nesting
attempts near the tide line than on the other study sites. In addition, wider and
shallower sloped beaches are used less frequently by nesting females
(CALDWELL, 1959; PROVANCHA and EHRHART, 1987; CAMHI, 1993; ERNEST et al.,
1998). The south beach was getting wider during the period when the eroded
phase of the nourishment cycle was expected to return to this beach (STEINITZ et
a/. , 1998).
Cyclic effects of nourishment have been reported before (DODD, 1988;
STEINITZ et al. , 1998). Typically, nesting success is reduced after nourishment
but rebounds to near pre-nourishment levels one to two years after project
completion (RAYMOND, 1984; EHRHART and UONG, 1996; ECOLOGICAL
ASSOCIATES, 1998b; STEINITZ et al., 1998). The rate at which the sand is
removed depends largely on waves and high tides from storms. Since
nourishment does not reduce the erosion that caused the problem to begin with,
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eventually the beach will revert to an eroded one, perhaps four to seven years
later.
Most nourishment projects place enormous quantities of sand on the
beach at a time when the beach reaches the "eroded" phase. It may be that
more frequent nourishment with less sand would offset some of the negative
effects on nesting success and, thus, lessen the pendular swings in the
nourishment cycle (MONTAGUE, 1993). Nourished beaches should be designed
so as to mimic natural beach profiles and not the profile that fits into an
engineer's template (ERNEST et al., 1998). Often coastal engineers are limited to
using a large volume of sand estimated to offset erosion on a given stretch of
beach with a fixed number of dollars. Scarps will form on nourished beaches and
deter nesting turtles unless engineers design projects so the nourishment
material and profile of the beach are similar to natural beaches. Leveling scarps
soon after they form may not be an option during the nesting season and there is
no guarantee that others will not reform later (EHRHART, 1994).
There are many difficulties involved in examining the effects of
nourishment on nesting. Results can be difficult to interpret. In the present
study, I would have liked to include more controls to offset any location effect.
Despite evidence that the control beach is not influenced by the Inlet (VENANZI,
1992), it is possible that the Inlet affected the control study site in unknown ways.
For example, the sand may have been softer at the control beach than on
beaches further north. In 1995, a study site 1 km north of the control site
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contained sand with significantly finer grain size (CORNELISEN , 1996). Since
study sites are inherently site specific, generalizations from one project to
another should be made carefully (CRAIN et al., 1995; ERNEST et al., 1998).
Lastly, I violated one of the main assumptions of the contingency chisquare analysis when looking at nest and abandoned attempt totals.
Loggerheads nest multiple times during the season and when deterred may
return to the same beach on subsequent nights (DODD, 1988; MILLER, 1997). It
was entirely possible that the same turtles came back to the nourished beach,
resulting in additional attempts and violating the assumption of independent
samples .

Conclusion
Loggerhead nesting on the treatment study site declined during the
nourishment year (1997). Nesting success was also significantly lower. Most
turtles abandoned their nesting attempts due to a scarp that prevented females
from reaching the upper beach. In 1998 (one-year post-nourishment), a scarp
did not form and nesting success at the treatment study site rebounded to near
pre-nourishment levels. Digging was not hindered in the nourishment sand and
abandoned body pits and nest cavities did not occur more frequently at the
treatment study site. However, nest depths were significantly shallower at the
treatment study site in 1997. The attention to matching sediments on natural
beaches and building a more natural beach profile may help alleviate the

44

formation of scarps . With more nourishment projects expected, collaborations
between coastal engineers and sea turtle biologists may help alleviate some of
the negative consequences nourishment has on loggerhead nesting.
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THE EFFECT OF BEACH NOURISHMENT ON LOGGERHEAD (Caretta caretta)
NEST SITE SELECTION, INCUBATION PERIODS AND REPRODUCTIVE
SUCCESS AT SEBASTIAN INLET, FLORIDA.

Introduction
In oviparous reptiles, nest site selection is the most important, and many
times the only , form of post-ovulatory parental investment (ZuG, 1993). Faced
with a mosaic of potential nest sites , females select certain sites over others
(e.g ., BURGER and ZAPPOLORTI, 1986; SCHWARZKOPF and BROOKS, 1987; JANZEN,
1994; BODIE et al., 1996; RESETARITS, 1996). The process is considered to be a
balance between the costs of searching for a nest site and the reproductive
benefits of finding a suitable site for incubation (Wooo, 1998). Differences in
nest site selection among species are associated with specific environments.
For example , northern painted turtles (Chrysemys picta) prefer nest sites that are
devoid of vegetation and face the sun (SCHWARZKOPF and BROOKS, 1987;
JANZEN, 1994). In contrast, southeastern mud turtles (Kinostemon subrubrum)
select nest sites with a substantial amount of shade (BODIE et al., 1996).
Under natural conditions , reptiles select nest sites that favor high
reproductive success (CALDWELL, 1959; MUTH , 1980; BURGER and 2APPALORTI,
1986; SCHWARZKOPF and BROOKS, 1987; KUSHLAN and JACOBSEN, 1990; BROWN
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and DUFFY, 1992; HAYS and SPEAKMAN, 1993; BODIE et al., 1996). Three abiotic
factors that strongly influence reptile reproductive success (i.e., hatching
success) are temperature, moisture, and respiratory gases (PACKARD et al., 1977;
MALONEY et al., 1990; MILLER, 1997). Embryonic development is arrested if
temperatures are outside a range of 23 to 34° C (BUSTARD and GREENHAM, 1968;
BUSTARD, 1971; PACKARD et al., 1977; McGEHEE, 1979; GUTZKE and PACKARD,
1987; PACKARD et al., 1987; BURGER, 1990; BROOKS et al., 1991; SPOTILA et al.,
1994; MILLER, 1997). Eggs incubating in extremely wet or dry soil often fail to

hatch (RAGOTZKIE, 1959; PACKARD et al., 1977; BOCK and RAND, 1989; KUSHLAN
and JACOBSEN, 1990; McGEHEE, 1990; MORTIMER, 1990; SPOTILA et al., 1994;
HERREN and CROSS, 1995; MILLER, 1997). The exchange of oxygen and carbon
dioxide occurs by diffusion through the nesting medium (PRANGE and ACKERMAN,
1974; ACKERMAN, 1977, 1997; PACKARD et al., 1977). However, if the soil has low

porosity or high moisture, gas exchange and, ultimately, hatching success will be
reduced (PACKARD et al., 1977; ACKERMAN, 1980, 1981).
Beach nourishment has the potential to alter reproductive success in
threatened loggerhead turtles (Caretta caretta) by introducing sand with
abnormal levels of temperature, moisture and respiratory gases (NELSON AND
DICKERSON, 1988; ACKERMAN, 1997). Nourishment has become the preferred
method to counteract coastal erosion (CHARLIER AND DE MEYER, 1998). It
involves pumping, dumping or trucking new sand on to the beach and then
grading it to a desired profile. However, the suitability of the sand has been
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questionable (NELSON AND DICKERSON , 1988). Nourishment sand has been
significantly different from native sand in temperature, grain size and moisture
content (NELSON et al., 1987; ACKERMAN , et al., 1991 ; BROADWELL, 1991; LUTZ et
a/., 1991 ; PARKINSON and WHITE, 1992; RYDER, 1993; SHULMAN et al., 1994;
CORNELISEN , 1996; PARKINSON and MAGRON, 1997; ERNEST et al., 1998; locco,

1998). This is particularly disturbing since many of the nourished beaches in
Florida are located on some of the most productive loggerhead nesting grounds
in the Western Hemisphere (MEYLAN et al., 1995).
Loggerhead nesting in the southeastern United States ranks as the
second highest in the world , and 90% occurs in Florida (NATIONAL RESEARCH
COUNCIL, 1990). Nesting in Florida takes place from May to September
(WITHERINGTON , 1986). Females deposit 70 to 165 eggs into a flask-shaped nest
chamber that averages 59 cm in depth (WITHERINGTON , 1986; NELSON et al.,

1987; DODD, 1988). Hatchlings emerge from the nest 45 to 70 days later and
crawl into the ocean (EHRHART and WITHERINGTON , 1987). Since nourishment
projects in Florida are now required to operate outside the nesting season,
(ARNOLD, 1995; MEYLAN et al. , 1995), the greatest threat to nesting has to do with
the placement and quality of the nourishment sand (NELSON et al., 1987; NELSON,

1991 a; CRAIN et al., 1995; LUTCAVAGE et al. , 1997).
Despite the large number of loggerhead nesting studies (e.g., DoDD,

1988), little is known about how they select nest sites. Loggerheads may use an
abrupt change in sand temperature to determine where to place nests
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(STONEBURNER and RICHARDSON, 1981 ). However, recent work has not
supported this hypothesis (CAMHI, 1993; locco, 1998; Wooo, 1998). Instead, an
increase in slope and, therefore, elevation may be used to select nest sites
(Vvooo, 1998). Nevertheless, the distribution of loggerhead nests is typically
confined to the area above the high tide line and seaward of the dune vegetation
(NELSON, 1988; CAMHI, 1993; HAYS and SPEAKMAN, 1993; HAYS et al., 1995).
Nests deposited outside this area often fail (Caldwell, 1959; BUSTARD and
GREENHAM, 1968; HOPKINS et al., 1979; RAYMOND, 1984; WITHERINGTON, 1986;
HERREN and CROSS, 1995).
Beach nourishment has the potential to disrupt loggerhead nest site
selection. According to recent studies, loggerheads do not use temperature and
moisture gradients to select nest sites (CAMHI, 1993; locco, 1998, Wooo, 1998).
Even if they did, the location of these gradients do not significantly differ between
natural and nourished beaches (locco, 1998). If loggerheads use changes in
slope to decide where to place nests (Vvooo, 1998), they may be selecting suboptimal areas. This is because the profiles of most nourished beaches are
usually different from those of natural beaches due to seaward scarps and flat
nourishment berms (RAYMOND, 1984; NELSON et al., 1987; RYDER, 1993; ERNEST
et al., 1998). Loggerheads are known to nest farther from the primary dune on
nourished beaches (RAYMOND, 1994; ERNEST et al., 1998; locco, 1998). Since
nourishment sand is rapidly removed as the beach moves toward an equilibrium
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profile, many of these nests may be washed out by tides or inundated for
prolonged periods (RAYMOND, 1984; MONTAGUE, 1993; ERNEST et al., 1998).
The length of the incubation period may be altered in nourishment sand
(e.g., LUTZ et al., 1991). In marine turtles, the length of incubation is inversely
related to the sand temperature (McGEHEE, 1979; MILLER, 1985). A 1° C
decrease in temperature corresponds to an approximately five day increase in
the incubation period (MROSOVSKY and YNTEMA, 1980; MROSOVSKY, 1982).
Lower sand temperatures and, therefore, significantly longer loggerhead
incubation periods have been found on nourished beaches (NELSON et al., 1987;
LUTZ et al., 1991; MILTON et al., 1997; locco, 1998). Longer incubation periods
may leave nests vulnerable to more depredation or tidal inundation (ACKERMAN,
1981; ECOLOGICAL ASSOCIATES, 1998b).
Since loggerheads have temperature-dependent sex determination (TSD),
cooler nourishment sands resulting in longer incubation times can disrupt the sex
ratio (MROSOVSKY and YNTEMA, 1980; MROSOVSKY, 1982; ACKERMAN, 1997;
HANSON et al., 1998). TSD is known in all species of sea turtles (MRosovsKY,
1982; MILLER, 1985; STANDORA and SPOTILLA, 1985). The differentiation takes
place around a pivotal temperature during a critical period in the middle trimester
of development (MROSOVSKY and YNTEMA, 1980). A temperature of 29.1 ° C has
been cited as the pivotal temperature in loggerheads, with nests incubating at
higher temperatures producing mostly female hatchlings and those incubating at
lower temperatures producing mostly males (MRosovsKY, 1982). A 1 to 2 ° C
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difference in temperature can make a considerable difference in the sex ratio
(MRosovsKY and YNTEMA, 1980), yet few studies have addressed this topic on
nourished beaches . In one study, a nourished beach was significantly hotter
during the critical period and predicted to have nests with 100% female
hatchlings (HANSON et al., 1998).
Nests deposited on nourished beaches may have reduced hatching
success (e .g. , NELSON AND DICKERSON, 1988). However, for the most part,
hatching success has not been significantly different among nourished and
control beaches (RAYMOND, 1984; NELSON et al. , 1987; WITHAM, 1990;
BROADWELL, 1991 ; LUTZ et al. , 1991; BURNEY and MATTISON, 1992; RYDER, 1993;
MILTON et al. , 1997; ECOLOGICAL ASSOCIATES, 1998a; locco, 1998; STEINITZ et al.,
1998). Only two studies reported significantly lower hatching success in
nourishment sand (EHRHART, 1995; ECOLOGICAL ASSOCIATES, 1998b). In one the
causes were unclear (EcoLOGICALAssocIATES, 1998b) and the other was
hindered by small sample sizes (EHRHART, 1995). It may be that differences in
the physical properties (e.g ., moisture) of natural and nourished beaches have
not been large enough to affect hatching success . Alternatively , researchers in
studies where no differences were found may have used substandard control
beaches for comparisons (RYDER, 1993; ERNEST et al. , 1998).
The objective of the present study was to compare loggerhead nest site
selection and reproductive success between the control beach (natural), south
beach (old renourished) and treatment beach (recently nourished) over a three
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year period. The study period included pre- and post- nourishment monitoring at
the treatment study site. I asked the following questions: (1) Do loggerheads
nest in the same cross-shore locations on the natural beach that they do on the
nourished beaches? (2) Do the beach slopes at nest sites differ between the
natural beach and the nourished beaches and are increases in slope related to
nest site selection? (3) Do the lengths of incubation periods differ between the
natural and nourished beaches? (4) Are eggs equally likely to hatch and emerge
on the natural as on the nourished beaches? and, (5) Are unhatched eggs
arrested at the same stages of embryonic development on the natural and
nourished beaches? The results from grain size, moisture content, temperature
and shear resistance comparisons were used to explain any biological
differences (PARKINSON and MAGRON, 1997; PARKINSON and LUCAS, 1998).

Methods
Nesting Surveys
The control, south and treatment study sites were traversed each day at
dawn from 1 May until 31 August and every third day after that until 15
September in 1996, 1997 and 1998. I verified all nests to the exact location by
hand digging and exposure of the uppermost eggs. Aften,vards, I reburied the
nests and their locations were marked with two wooden stakes. The first stake
was placed at the top of the dune and the second was placed further into the
dune vegetation where it was not easily visible. This method ensured that if one
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stake were removed, I would still have a stake for locating nests. Each stake
contained the nest number and date deposited. A marked plastic cup was
placed 50 cm north and south of each nest to aid in locating nests after hatching
and emergence. I buried the cups at least 20 cm deep so they were less likely to
be washed out, exposed or removed.

Nest and Abandoned Attempt Locations
Using a metric tape measure, I recorded three cross-shore distances for
nests. First, I measured the distance from each nest to the top of the primary
dune to 0.01 m. Second , I measured the distance from each nest to the most
recent high tide line to 0.1 m. Third , in 1997 and 1998, I measured the distance
from nests to the approximate vegetation line to 0.1 m. The vegetation line was
defined as the point parallel to the shoreline where the majority of the vegetation
began . I gave negative values to nest locations that were west of the top of the
dune (i.e. , duneward) , below the most recent high tide line or above the
vegetation line. All measurements were straight-line distances and did not take
into account the curvature of the beach profile.
I believed the analysis of nest placement might be hindered by the fact
that the three beaches were different widths. In addition to measuring absolute
dis.tances, I calculated the cross-shore percentage of beach covered by females.
The nest placement percentage (NPP) was equal to the distance from the most
recent high tide line to nests divided by total beach width. The beach width was
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defined as the distance from the most recent high tide line to the top of the dune.
Most measurements of NPP were between 0 (at the high tide line) and 1 (at the
top of the dune) . However, nests below the high tide line received negative
percentages and those landward of the top of the dune had percentages greater
than one.
In 1997 and 1998, I recorded the locations of abandoned attempts (also
called "false crawls"). The measurements were taken from the crawl apex. I
defined the apex as the farthest point from the ocean from the center of the
crawl. For abandoned attempt locations, I measured the distance from apex to
the top of the primary dune to 0.01 m.

Slopes
In 1997 and 1998, I used a clinometer to measure slopes at nest sites and
to measure cross-shore beach profiles (Figure 3). The clinometer consisted of a
Fiskars protractor with a rotating measuring arm that measured angles in 1
degree increments from 0 degrees to 180 degrees. I glued a line level to the
protractor arm at 90 degrees and calibrated it with a second level on a flat
surface (Figure 3). The protractor was then screwed in to a 20 cm block of wood
on a level surface. I measured slopes by placing the clinometer on a surface,
swinging the protractor arm until the bubble in the level was centered and
reading the deviation from 90 degrees (Figure 3) . I took slope readings adjacent
to nest sites, outside the disturbed sand and perpendicular to the shoreline. I
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took readings on a solid flat meter stick to negate small disturbances on the sand
surface.
In addition to site-specific measurements, I measured slopes at the end of
each month from May to September in 1997 and in June 1998 at one randomly
selected cross-shore transect in each study site. Slopes were measured in 1 m
increments from the top of the dune (fixed point) to the water line. At salient
profile changes! slopes were measured in 20 cm increments. I converted these
slope measurements into height and distance coordinates with the following
standard geometric formulas:

(1) h = sin(s(TI)/180)(I)
and
(2) d = (12 - (h) 2 )°- 5

where h

,

=height, d =distance, s = slope and I =length of increment.

The height

and distances were summed and graphed to show the profile of the beach at the
selected transect. The profiles were compared with the distribution of nests and
abandoned attempts from the top of the dune during the height of the nesting
season (i.e. June).
1
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Incubation Monitoring
Nests were monitored daily for disturbances such as raccoon
depredations and nests washed out by high tides. Nest markers were flagged
with colored tape at 50 days incubation to help search for emergence sig~s. The
emergence date was recorded for each nest that had visible signs of hatchling
tracks . By necessity, I used the number of days to emergence as a measure of
incubation duration even though loggerheads hatch four days prior to emerging
(MARCOVALDI et al., 1997). I inventoried nest contents three to four days after
hatchling emergence or at 70 days post-laying if no emergence was observed.
Raccoons were a problem throughout the study period . They destroyed
many nests despite a trapping program conducted by myself and park personnel.
Nests were occasionally washed out by high tides and no trace of them was left.
Because raccoon depreciated nests and nests wash out by high tides made
comparisons problematic, I did not include these in reproductive success
analyses .

Reproductive Success
Nest inventories included a determination of the number of hatched eggs
and the fates of all unhatched eggs. I used hatching success and emerging
success as two measurements of reproductive success. Hatching success was
defined as the number of empty eggshells (i .e. , hatched) divided by the number
of eggs in the clutch. Emerging success was defined as the number of empty
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eggshells minus the hatchlings still in the nest (dead or alive), divided by the
number of eggs in the clutch . The latter measure was considered the better and
more conservative definition of reproductive success as it encompassed not only
hatched turtles , but also those that emerged.

Egg Fates
I opened all unhatched eggs and categorized them as infertile, addled,
early embryo , late embryo, pipped dead or unknown . I defined Infertile as eggs
that appeared to lack blood vessels or any signs of gastrulation. Addled eggs
were those that showed a mottled appearance, signs of blood vessels or early
development, but an embryo was not visible (e.g., BLANK and SAWYER, 1981). I
defined early embryos as having obvious vertebrate traits (e.g., eyes, limb buds,
tail) , whereas , I defined late embryos as having obvious marine turtle traits (e.g.,
scutes, carapace , flippers) . Pipped dead referred to hatchlings that broke the
shell (i .e., pipped), but died before completely escaping the egg. Unknown
referred to ghost crab depredated or broken eggs. Since the egg contents were
spilled or eaten , I could not always discern at what stage development had
ceased or, if crabs or other agents (e.g. , hatchlings or roots) had broken the eggs
post-mortem. I recorded the number of dead hatchlings and live "stragglers" and
the presence of roots inside or around eggs. Clutch sizes were tested for
significant differences among study sites using a one-way ANOVA. For
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comparisons of egg fates, all categories were calculated as a percentage of the
total number of eggs.

Organization and Analysis of Data
The data were compiled and organized using Excel 7.0 spreadsheet
software (Microsoft, 1996). I used Prism 3.0 (Graphpad, 1999) to perform all
statistical tests. Comparisons were made among study sites within 1996, 1997
and 1998. I also compared nest locations, slopes, days to emergence and
emerging success across years to determine temporal trends. Due to the low
number of nests at the treatment study site in 1997, many of the statistical
comparisons were problematic. In order to increase the sample size and the
probability of detecting significant differences, I included five nests deposited
within 25 m of the treatment site boundaries. The actual boundaries of the
nourishment project extended over 400 m beyond the treatment site boundaries
and , therefore, these added nests were in the same environment.
I tested for normality using the Kolmogorov-Smirnov (KS) test and for
unequal variances using Bartlett's test. I used a one-way ANOVA for the data
sets that met these assumptions (HEATH, 1995). Most of the reproductive
success data did not meet the criteria of normality or equal variances even after
an arcsine transformation. Consequently, I ran Kruskal-Wallis tests on
untransformed data. If significance was found, I used Bonferonni's (for ANOVA)
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or Dunn's multiple comparison (for Kruskal-Wallis) post-tests among groups to
determine those that were significantly different.
The relationship between nest slopes and nest distances to the top of the
dune was examined using the Pearson product moment coefficient of correlation,
r. The relationship between emerging success and nest distances to the top of
the dune, and emerging success and nest slopes was examined using
Spearman's rank correlation coefficient.

Results
Nest Placement
Comparisons between nourished and natural beaches - nest placement

In 1996, there were no significant differences among study sites in the
mean distance of nests to the top of the dune, the mean distance of nests to the
high tide line or the mean NPP (Table 2). The only significant difference was in
the beach widths. The control study site was the widest followed by the south
and treatment study sites, respectively. The difference in beach width was
significant only between the control and treatment sites (Table 2; Figure 12).
In the 1997 nourishment year, significant differences were found between
study sites in all the measures of nest location , except the mean NPP (Table 3;
Figure 12). Nests at the treatment and the south study sites were significantly
farther from the top of the dune and vegetation line than nests at the control site.
Nests at the treatment beach were the farthest on both measures. However,
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Table 2. Mean cross-shore nest locations and beach lengths compared between
study sites in 1996. Numbers in parentheses are standard error of the mean.
The results of statistical tests were considered significant at a p ~ 0.05. I used
Bonferroni's multiple comparison post-test for ANOVA and Dunn's multiple
comparison post-test for Kruskal-Wallis. Values with the same letter were not
significantly different among study sites. ns = not significant, * = 95% confidence
limit, ** = 99% confidence limit,***= 99.9% confidence limit. NPP = nest
placement percentage (see text for a description).

Measure

Control

South

Treatment

# of Nests

83

57

61

Top of dune (m)

Tide line (m)

Beach width (m)

NPP (%)

5.3

4.4

4.0

(0.378)

(0.335)

(0.287)

Test

-value

Si .

K-Wallis

0.099

ns

ANOVA

0.259

ns

10.8

10.1

9.3

(0.633)

(0.632)

(0.610)

16.1 a
(0.596)

14.5 ab

13.4 b
(0.615)

ANOVA

0.006

**

ANOVA

0.677

ns

(0.619)

64.1

67.1

66.3

(0.025)

(0.025)

(0.025)
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Figure 12. Comparison of mean nest distances to the top of the dune and to the
most recent high tide line across control, south and treatment study sites during
1996, 1997 and 1998. The x-axis bisects the mean location of nests. The bars
extending above the axis are mean distances to the top of the dune (m). The
bars extending below the axis (negative numbers) denote mean distances to the
most recent high tide line (m). The error bars are standard error of the mean.
C = control study site, S = south study site, T = treatment study site.
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Table 3. Mean cross-shore nest locations and beach lengths compared between
study sites in 1997. Numbers in parentheses are standard error of the mean.
The results of statistical tests were considered significant at a p s 0.05. I used
Bonferroni's multiple comparison post-test for ANOVA and Dunn's multiple
comparison post-test for Kruskal-Wallis. Values with the same letter were not
significantly different among study sites. ns = not significant, * = 95% confidence
limit,**= 99% confidence limit,***= 99.9% confidence limit. Veg. line=
vegetation line. NPP = nest placement percentage (see text for a description).

Measure

Control

South

Treatment

# of Nests

90

45

17

Top of dune (m)

5.3 a

7.7 b

12.7 b

(0.338)

(0.705)

(1.66)

2.5 a

5.5 b

11.1 b

(0.315)

(0.697)

(1.68)

8.1 a

11.0 b

9.8 ab

(0.479)

(0.920)

(1.23)

13.5 a

18.7 b

(0.494)

(0.698)

Veg. line (m)

Tide line (m)

Beach width (m)

NPP (%)

22.5

C

Test

-value

Si .

K-Wallis

<0.001

***

K-Wallis

<0.001

***

ANOVA

0.008

**

ANOVA

<0.001

***

ANOVA

0.262

ns

(1.18)

57.9

55.9

45.9

(0.029)

(0.041)

(0.066)
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there were no significant differences in either mean nest distance to the top of
the dune or mean nest distance to the vegetation line between south and
treatment study sites (Table 3).
In 1997, the nests were farthest from the most recent high tide line on the
south study site, followed by the treatment and control sites (Table 3). The
difference was only significant between the south and control study sites. The
treatment beach was significantly wider than the south beach, which was
significantly wider than the control beach. The treatment study site also had a
mean NPP that was lower. In other words, nests at the treatment study site were
closer to the water than the top of the dune. However, the differences in mean
NPP were not statistically significant (Table 3).
In 1998, one year post-nourishment, significant differences were found
between study sites in all the measures of nest location (Table 4; Figure 12).
Nests were the farthest from the top of the dune on the south study site, followed
by the control site and then the treatment site. Significant differences in mean
nest distances to the top of the dune were found only between the south and
treatment study sites (Table 4). Nests at the south study site were also farthest
from the vegetation line. However, because the overall significance between
study sites was just under the accepted p-value of 0.05, multiple comparisons
revealed no significance among study sites (Table 4). There was little difference
in the mean distance of nests to the vegetation line between the control and
treatment study sites.
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Table 4. Mean cross-shore nest locations and beach lengths compared between
study sites in 1998. Numbers in parentheses are standard error of the mean.
The results of statistical tests were considered significant at a p ~ 0.05. I used
Bonferroni's multiple comparison post-test for ANOVA and Dunn's multiple
comparison post-test for Kruskal-Wallis. Values with the same letter were not
significantly different among study sites. ns = not significant, * = 95% confidence
limit, ~= 99% confidence limit,***= 99.9% confidence limit. Veg. line=
vegetation line. NPP = nest placement percentage (see text for a description).

Measure

Control

South

Treatment

# of Nests

96

50

39

Top of dune (m)

5.6 ab
(0.306)

8.3 a
(0.809)

4.9 b
(0.663)

K-Wallis

0.008

**

K-Wallis

0.049

*

K-Wallis

<0.001

***

ANOVA

<0.001

***

ANOVA

0.011

*

Veg. line (m)

Tide line (m)

Beach width (m)

NPP(%)

2.3

5.3

2.7

(0.311)

(0.832)

(0.654)

8.5 a

15.1 b

14.1 b

(0.377)

(0.856)

(0.848)

14.0 a

23.4 b

19.0

(0.407)

(0.654)

(0.478)

59.3 a

64.4 ab

71.7 b

(0.021)

(0.032)

(0.036)
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C

Test

-value

Si .

Nests at the treatment and south study sites were significantly farther from
the most recent high tide line in 1998 (Table 4). The control study site was the
narrowest of the three. The south beach was significantly wider than the
treatment beach , which was significantly wider than the control beach (Table 4).
The mean NPP at the treatment site was significantly higher than the control site.
The mean NPP at the south study site was intermediate and not significantly
different from either of the other two study sites (Table 4).

Comparisons between years - nest placement

Significant differences between years in mean nest distances to the top of
the dune were found at the treatment (Kruskal-Wallis , H = 14.88, p < 0.001) and
south study sites (Kruskal-Wallis, H = 17.88, p < 0.001 ), but not at the control
study site (ANOVA, F = 0.259, p = 0.772; Figures 12, 13). At the treatment study
site , nests were significantly farther from the top of the dune in 1997 than in
either 1996 (Dunn's multiple comparison , p < 0.001) or 1998 (Dunn's multiple
comparison , p <0.010). There was no significant difference between 1996 and
1998 (Figure 13). Nests at the south study site were significantly farther from the
top of the dune in 1997 (Dunn's multiple comparison , p < 0.001) and 1998
(Dunn's multiple comparison, p < 0.010) , when compared to 1996. There was no
significant difference between 1997 and 1998 at the south beach (Figure 13).
Significant differences between years in the mean NPP were also found
at the treatment (ANOVA, F = 8.54, p < 0.001) and south study sites (ANOVA, F
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Figure 13. Mean nest and abandoned attempt (AA) distances from the top of the
dune (m) in the control, south and treatment study sites in 1996, 1997 and 1998.
Abandoned attempt distances were not taken in 1996. The error bars are
standard error of the mean.
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=3.12, p

=0.047), but not at the control study site (ANOVA, F =1.63, p =0.198;

Figure 12). For the treatment study site, the mean NPP was significantly higher
on the beach in 1996 (Bonferroni's multiple comparison, p < 0.01) and 1998
(Bonferroni's multiple comparison , p < 0.001) than in 1997. The mean NPP
between 1996 and 1998 was not significantly different at the treatment beach
(Figure 12). At the south study site , the mean NPP was significantly different
only between the highest year (1996) and the lowest (1997; Bonferroni's multiple
comparison , p < 0.05) .

Abandoned Attempt Locations
Abandoned attempt distances from the top of the dune followed the same
pattern as the nest locations, except that differences were more pronounced
(Figure 13). Significant differences between study sites were found in both 1997
(Kruskal-Wallis , H = 55.48 , p <0.001) and 1998 (Kruskal-Wallis, H = 67.89, p
<0.001 ). In 1997, abandoned attempts were significantly farther from the top of
the dune at the treatment study site than either the control (Dunn's multiple
comparison , p < 0.001) or the south (Dunn's multiple comparison, p < 0.001)
study sites (Figure 13). A significant difference was also found between the
south study site and the control study site (Dunn's multiple comparison , p <
0.001 ). In 1998, abandoned attempts were significantly farther from the top of
the dune at the south study site than either the treatment (Dunn's multiple
comparison , p < 0.05) or the control (Dunn's multiple comparison, p < 0.001)
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study sites (Figure 13). A significant difference was also found between the
treatment study site and the control study site (Dunn's multiple comparison, p <
0.001 ).

Slopes

Comparisons between nourished and natural beaches - slopes
Despite differences in cross-shore locations in 1997, the slopes at nests
were not significantly different among study sites (Kruskal-Wallis, H = 4.18, p =
0.124; Figure 14). The average slope at nest sites on the control study site was
almost the same as on the south study site (Figure 14). At treatment beach,
mean nest slopes were 0.9 degree shallower (Figure 14). In 1998, slopes at
nests were significantJy different among sites (Kruskal-Wallis, H = 23.4, p <
0.001 ; Figure 14). The difference was in the significantly steeper slopes at the
control site and the treatment site when compared to the south site (Figure 14).
There was no significant difference in slopes between the control and treatment
beach (Figure 14).

Comparisons between years - slopes
Slopes were significantly different between 1997 and 1998 on the control
study site (Mann-Whitney U = 2881 , p < 0.001) and the treatment study site
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Figure 14. Comparison of mean beach slopes (degree) measured at nest sites
at control, south and treatment study sites in 1996, 1997 and 1998. The error
bars are standard error of the mean. Study sites with different letters were
significantly different at p ~ 0.05 using Bonferroni's multiple comparison tests.
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(Mann-Whitney U = 210, p = 0.031 ), but not on the south study site (MannWhitney U = 1058, p = 0.620; Figure 14). Slopes at nest sites were higher in
1998 on the control and treatment study sites (Figure 14).

Relationship between Beach Profile and Crawl Location
In 1997, there was a significant negative correlation between nest slopes
and distances to the top of the dune at the control study site (Figure 15) and the
south study site (Figure 16). However, there was a significant positive correlation
between nest slopes and the distances to the top of the dune at the treatment
study site (Figure 17). The profile of the treatment site changed in 1998 and,
consequently, a significant negative correlation between slope and distance was
found (Figure 18).
The profile of the study sites affected nest placement (Figures 19, 20, 21,
22) . At the control beach, the June 1997 profile from the water line to the dune
was more moderate and most nests were deposited just seaward of the base of
the primary dune and vegetation line (Figure 19). The distribution of abandoned
attempts was highest near the top of the dune (Figure 19). The south study site
had a shallower profile from the water line to the base of the dune and then a
sharp increase in slope at an eroded primary dune face (Figure 20). Most nests
at the south beach in June 1997 were deposited near the base of that dune face.
However, nests and abandoned attempts were also spread out on the flatter
foreshore berm (Figure 20).

70

CONTROL BEACH - 97
34

•

30

n = 90
r = -0.21
P = 0.043

26

22

en

18

Q)
Q)
~

0)
Q)

~
Q)

a.

14

u5

...,•I•
.: :. .. •• • •
••

10

0

•

6

I

2

•

•

-2

•

•

-6
-10
-4

-2

0

2

4

6

8

10

12

14

Distance from top of the dune (m)

Figure 15. Correlation between distances to the top of the dune and beach
slopes at nest sites in the control study site in 1997.
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slopes at nest sites in the south study site in 1997.
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Figure 19. The control beach profile from the top of the dune with the distribution
of nests and abandoned attempts (AA) in June 1997.
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Figure 20 . The south beach profile from the top of the dune with the distribution
of nests and abandoned attempts (AA) in June 1997.
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Figure 21. The treatment beach profile from the top of the dune with the
distribution of nests and abandoned attempts (AA) in June 1997.
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Figure 22. The treatment beach profile from the top of the dune with the
distribution of nests and abandoned attempts (AA) in June 1998.
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In contrast, the profile of the recently nourished beach was truncated
(Figure 21 ). Waves cut into the nourishment sand near the spring high tide line
and created a scarp that lasted throughout the summer (Figure 21 ). The area in
front of the scarp was moderately sloped. However, above the scarp, the
moderate slope graded into a flat berm. The flat berm continued to the very top
of the primary dune. Many females that climbed over the scarp ended up nesting
on the very top of the primary dune. In 1997, loggerheads nested in two distinct
locations at the treatment site. Nests were deposited either below the scarp or
on top of the old primary dune in the sparse vegetation . In 1998, the profile of
the treatment beach lacked a scarp and was more conducive to nesting. That
year females nested near the base of the primary dune (Figure 22).

Incubation Periods
Comparisons between nourished and natural beaches - incubation periods
The number of days to emergence was not significantly different between
study sites in 1996 (ANOVA, F

=1.15, p =0.323) or 1997 (Kruskal-Wallis,

H = 1.77, p = 0.412 ; Figure 23). However, in 1998, there was a significant
difference in the days to emergence (ANOVA, F = 9.19, p < 0.001; Figure 23).
Nests at the control study site in 1998 took significantly less time to emerge than
at either the south study site or the treatment study site (Figure 23). There was
no significant difference in the number of days to emergence between the south
and treatment study sites in 1998 (Figure 23).
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Figure 23. Comparison of the mean number of days to emergence between
control , south and treatment study sites in 1996, 1997 and 1998. The mean
number of days to emergence was used to estimate the incubation period. The
error bars are standard error of the mean. Study sites with different letters were
significantly different at p ~ 0.05 using Bonferroni's multiple comparison tests.
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Comparisons between years - incubation periods
There were no significant differences in days to emergence between years
in either the treatment (Kruskal-Wallis, H
(Kruskal-Wallis, H

=3.94, p =0.139) or south study sites

=3.71 , p =0.157; Figure 23).

At the control site, significant

differences were found (Kruskal-Wallis , H = 28.2, p < 0.001 ). Incubation took
significantly less time in 1998 than either 1996 or 1997 (Figure 23) .

Hatching Success, Emerging Success and Egg Fates
Comparisons between nourished and natural beaches - reproductive success
There were significant differences in mean hatching and mean emerging
success between the control beach and nourished beaches in 1996 (Table 5;
Figure 24 ). In 1996, the control study site had significantly higher mean
emerging success than either the south study site or the treatment study site
(Table 5) . There was little difference in mean emerging success between the
south site and treatment site (Figure 24). There was a very small decrease from
hatching to emerging success at all three study sites (Table 5).
A comparison of mean egg fates in 1996 revealed significant differences
between study sites in the proportion of eggs that were pipped dead, early
embryo , addled and unknown (Table 5; Figure 25) . The south study site and
treatment study site had significantly higher mean proportions of early embryo,
addled and unknown egg fates (Table 5; Figure 25). In contrast, the control
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Table 5. Mean clutch sizes and egg fates(%) compared between study sites in
1996. Numbers in parentheses are standard error of the mean. The results of
statistical tests were considered significant at a p s 0.05. Values with the same
letter were not significantly different using Bonferroni's or Dunn's multiple
comparison tests. ns not significant, * 95% confidence limit, ** 99%
confidence limit, *** = 99.9% confidence limit.

=

=

South

=

Treatment

Measure

Control

# inventoried

83

44

40

Clutch size

109.7

107.1

106.1

(2.96)

(2.90)

(3.66)

77.3 a

51.4 b

52.5b

(2.39)

(5.29)

(5.05)

% Emerged

% Dead in nest

% Hatched

% Pipped dead

% Late embryo

% Early embryo

% Addled

% Infertile

% Unknown

1.3

0.8

0.6

(0.323)

(0.248)

(0.169)

78.6 a

52.2 b

53 .1 b

(2.37)

(5.32)

(5.07)

5.5 a

2.7b

4.4 b

(1 .03)

(1 .05)

(1.90)

4.8

2.8

4.3

(1 .81 )

(0.535)

(1.28)

0.6 a

2.5b

1.7 b

(0.231)

(0.579)

(0.353)

9.3 a

32.1 b

31.5b

(1.02)

(4.45)

(4.13)

0.5

0.3

1.5

(0.130)

(0.094)

(0.738)

0.7a

7.4 b

3.6b

(0.288)

(1 .51)

(1 .11)
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Test

p-value

Si .

ANOVA

0.656

ns

K-Wallis

<0.001

***

K-Wallis

0.290

ns

K-Wallis

<0.001

*'lrlr

K-Wallis

<0.001

***

K-Wallis

0.606

ns

K-Wallis

<0.001

***

K-Wallis

<0.001

***

K-Wallis

0.879

ns

K-Wallis

<0.001

***
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Figure 24. Comparison of the mean emerging success(%) at control, south and
treatment study sites in 1996, 1997 and 1998. Emerging success was defined as
the number of empty eggshells minus the hatchlings still in the nest (dead or
alive) , divided by the total number of eggs in the clutch. Because it
encompassed not only hatched turtles, but also those that emerged, it was
considered the best measure of reproductive success. The error bars are
standard error of the mean. Study sites with different letters were significantly
different at p ~ 0.05 using Dunn's multiple comparison tests.
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study site had significantly higher proportions of eggs that were pipped dead
(Table 5).
Significant differences were also found in mean hatching and mean
emerging success in 1997 (Table 6; Figure 24). However, multiple comparisons
between the treatment study site and the other two study sites were problematic
in 1997. For example , the control study site again had significantly higher mean
emerging success, but significance was only found between the control site and
south site (Table 6; Figure 24). Despite this, emerging success at the south site
was almost equal to that at the treatment site (Figure 24). The fact that no
statistical significance was found between the treatment study site and control
study site was probably due to small sample sizes and high variance at the
treatment beach. Nevertheless, both the treatment site and south site were
lower in reproductive success than the control study site. As in 1996, there was
little difference between hatching and emerging success (Table 6). However,
emerging success was somewhat lower than hatching success at the control
beach , though the difference was not significant (t-test; p = 0.160).
In 1997, mean egg fate comparisons showed significant differences in the
proportions of dead in the nest, pipped dead, early embryo, addled and unknown
categories (Table 6; Figure 25). The south beach and treatment beach had
significantly higher proportions of early embryo, addled and unknown categories,
whereas, the control site had significantly higher proportions of hatchlings dead
in the nest and pipped dead (Table 6; Figure 25). However, the differences were
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Table 6. Mean clutch sizes and egg fates(%) compared between study sites in
1997. Numbers in parentheses are standard error of the mean. The results of
statistical tests were considered significant at a p ~ 0.05. Values with the same
letter were not significantly different using Bonferroni's or Dunn's multiple
comparison tests. ns not significant, * 95% confidence limit, ** 99%
confidence limit, *** = 99.9% confidence limit.

=

=

=

Measure

Control

# inventoried

50

42

15

Clutch size

106.6

110.5

104.2

(3.41)

(3.46)

(6.55)

76.7a

50.3b

50.6 ab

(2.94)

(5.71)

(11.1)

5.6a

2.6ab

0.3b

(1 .52)

(1.29)

(0.199)

82.3a

52.8b

50.9 ab

(2.66)

(5.75)

(11.1)

4.7a

3.8 b

0.1

(0.832)

(1.68)

% Emerged

% Dead in nest

% Hatched

% Pipped dead

% Late embryo

% Early embryo

% Addled

% Infertile

% Unknown

South

Treatment

C

Test

p-value

Si .

ANOVA

0.605

ns

K-Wallis

0.015

*

K-Wallis

0.002

**

K-Wallis

0.007

**

K-Wallis

<0.001

***

K-Wallis

0.929

ns

K-Wallis

0.039

*

K-Wallis

0.004

**

K-Wallis

0.010

**

K-Wallis

0.001

***

(0.050)

1.7

3.1

6.1

(0.330)

(1.44)

(4.28)

0.7a

3.1 b

1_7ab

(0.192)

(0.943)

(0.811)

8.9a

22.3b

23.4 ab

(2.35)

(3.42)

(7.79)

0.9 a

0.4 b

0_7ab

(0.143)

(0.128)

(0.335)

0.9a

14.5 b

17.1 ab

(1.41)

(3.45)

(7.80)
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significant only between the control site and the south site (Table 6). Although
the proportion of infertile eggs was low at all sites(< 1%), the control site had a
significantly higher proportion of infertile eggs than the south site (Table 6).
There were no significant differences in mean hatching and mean
emerging success between study sites in 1998 (Table 7; Figure 24). Although
they were not significantly different, the control site still had nests with the highest
mean emerging success followed by the south site and the treatment site,
respectively (Figure 24) . As in the past two years , there was very little difference
between hatching and emerging success at any of the beaches (Table 7).
In 1998, mean egg fates were significantly different between study sites in
the proportions of pipped dead , late embryo , addled and unknown types (Table
7; Figure 25). The control study site had a significantly higher proportion of
pipped dead eggs than both the south site and treatment site (Table 7). Late
embryos were also higher on the control site , though this difference was
significant only between the control site and the south site (Table 7). The south
study site and treatment study sit~ continued to have higher proportions of
addled and unknown egg types . Significantly higher proportions of addled and
unknown egg types were found at the south site when compared to the control.
At the treatment site , only the proportion of unknown egg types was significantly
higher than at the control site (Table 7). The proportion of infertile eggs was
significantly different between study sites in 1998 (Table 7). However, the
difference was only significant between the control and the south site (Table 7).
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Table 7. Mean clutch sizes and egg fates(%) compared between study sites in
1998. Numbers in parentheses are standard error of the mean. The results of
statistical tests were considered significant at a p ~ 0.05. Values with the same
letter were not significantly different using Bonferroni's or Dunn's multiple
comparison tests. ns = not significant, * 95% confidence limit, *-Ir 99%
confidence limit, *** = 99 .9% confidence limit.

=

Measure

Control

# inventoried

73

46

22

Clutch size

107.9

117.6

110.0

(2.83)

(3.48)

(3.97)

% Emerged

% Dead in nest

% Hatched

% Pipped dead

% Late embryo

% Early embryo

% Addled

% Infertile

% Unknown

South

=

Treatment

71 .2

66.7

59.9

(2.39)

(4.77)

(7.75)

1.3

0.7

1.8

(0.375)

(0.223)

(0.892)

72 .5

67.4

61.7

(2 .36)

(4.79)

(7.73)

10.oa

4 .4b

3.5b

(1 .05)

(1.14)

(1 .53)

3.9a

2.7b

2.6ab

(0.590)

(1 .02)

(0.896)

1.1

0.7

2.7

(0.273)

(0.193)

(1.01)

10.3a

19.2 b

17.5 ab

(2.27)

(4.25)

(4.01)

1.6 a

1.4 b

2.2 ab

(0.230)

(0.694)

(1 .03)

0.6a

4.2 b

9.8b

(0.172)

(0.931)

(2.66)
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Test

-value

Si .

ANOVA

0.086

ns

K-Wallis

0.574

ns

K-Wallis

0.488

ns

K-Wallis

0.579

ns

K-Wallis

<0.001

***

K-Wallis

0.003

**

K-Wallis

0.183

ns

K-Wallis

0.012

*

K-Wallis

0.027

*

K-Wallis

<0.001

***

Comparisons between years - reproductive success
There were no significant differences in mean emerging success between
years at either the control study site (ANOVA, F = 1.89, p = 0.155) or the

=0.410, p =0.665; Figure 24). Significant
differences were found at the south study site (ANOVA, F =3.13, p =0.047).
treatment study site (ANOVA, F

However, because the difference was barely below the 0.05 p-value, a
Bonferroni's multiple comparison test revealed no significant differences (p >
0.05) . In general, mean emerging success at both the south site and treatment
site increased in 1998 when compared to 1996 and 1997. In contrast, mean
emerging success at the control beach decreased slightly in 1998.
Clutch sizes were not significantly different between study sites in any of
the years (Table 5, 6, 7) . Egg fates throughout the three years showed
consistently that more mortality at the treatment and south beaches occurred
primarily early in development, whereas, more of the mortality at the control
beach occurred later in development (Figure 25). Reproductive success
measurements between the south study site and treatment study site were very
similar throughout 1996, 1997 and 1998. Significant differences between the two
beaches were found only once in the three years (i.e., the proportion of pipped
dead hatchlings in 1997).
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Relationship between Emerging Success and Nest Location
Emerging success partly depended on the nest distance from the top of
the dune. However, there were no significant correlations between the nest
distance from the top of the dune and emerging success at any of the study sites
in 1997 (Table 8). There were also no significant correlations between the nest
slope and emerging success at any of the study sites in 1997 (Table 9). A
graphical comparison in 1997 revealed that most of the nests at the control study
site were placed in areas of the beach where emerging success was highest
(Figure 26) . The peak in the distribution of nests occurred at the 2 to 4 m
interval , which also coincided with the one of the highest peaks in emerging
success . Nests placed too close to the dune or too close to the spring high tide
line did not have high reproductive success . When raccoon depredated nests
and nests washed out by high tides were factored into emerging success
(assuming no hatchlings survived), the peak in success was 8 to 10 m from the
top of dune. Comparatively few nests were deposited in this area.
In contrast, nests at the south study site in 1997 were not placed in areas
of the beach where emerging success was highest (Figure 27). The peak in the
distribution of nests on this beach occurred between 2 and 4 m from the top of
the dune, yet, mean emerging success in that area averaged only 31 % (Figure
27). The areas where nests had the highest emerging success were also the
lowest in terms of the number of nest deposited. Similar to the control study
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Table 8. Correlations (Spearman's rank) for nest distance to the top of the dune
(m) vs . emerging success on the control study site, south study site and
treatment study site in 1997. ns = not significant.

Control

South

Treatment

# of pairs

50

41

15

Spearman r

-0.076

0.210

0.007

p-value

0.580

0.188

0.980

Sig .

ns

ns

ns
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Table 9. Correlations (Spearman's rank) for nest slope (degrees) vs. emerging
success on the control study site , south study site and treatment study site in
1997. ns = not significant.

Control

South

Treatment

# of pairs

50

41

15

Spearman r

-0.103

-0 .190

0.099

p-value

0.476

0.233

0.724

Sig .

ns

ns

ns
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Figure 26. Emerging success and the number of nests at two meter intervals as
measured from the top of the dune at the control study site in 1997. Emerging
success was averaged for each two meter interval. ES = emerging success, ES
w/ disturb = includes nests that were either destroyed by raccoons or washed-out
by tides. Nests destroyed by these factors were given an emerging success
value of zero and factored into the interval mean.
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Figure 27. Emerging success and the number of nests at two meter intervals as
measured from the top of the dune at the south study site in 1997. Emerging
success was averaged for each two meter interval. ES = emerging success, ES
w/ disturb = includes nests that were either destroyed by raccoons or washed-out
by tides. Nests destroyed by these factors were given an emerging success
value of zero and factored into the interval mean.
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site, emerging success decreased near the top of the dune and near the spring
high tide line (Figure 27).
At the treatment beach in 1997, the distribution of nests peaked at the top
of the dune and below the scarp near the spring high tide line (Figure 28). Nests
in these areas had low emerging success (Figure 28). In contrast, nests
deposited on the nourishment berm had high emerging success, although there
were few nests in this area of the beach. In 1998, the treatment beach profile
was moderately sloped and lacked any scarps (Figure 29). Females deposited
most of the nests between 2 and 4 m from the top of the dune in 1998. However,
even without raccoon depredation, emerging success was still low in this area
post-nourishment (Figures 29).
Raccoon depredation was highest on the control and the treatment study
sites (Figure 30). When raccoon depredation was lowest at the control beach in
1996, it was highest at the south beach (Figure 30). The treatment site had the
highest raccoon depredation before and after nourishment, but more nests were
washed out by high tides during the nourishment year (Figure 30). More nests
were washed out by high tides in 1996 than in 1997 or 1998 (Figure 30). Eggs
incubating in the vegetation were dried out, pierced by roots, and sometimes
covered in small rootlets. Ghost crabs depredated eggs at all the study sites
(Figure 30). However, ghost crab depredations were higher at the south and
treatment study sites (Figure 30). Despite the differences in ghost crab
disturbances among study sites, the patterns across years remained consistent.
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Figure 28. Emerging success and the number of nests at two meter intervals as
measured from the top of the dune at the treatment study site in 1997. Emerging
success was averaged for each two meter interval. ES = emerging success, ES
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Figure 29. Emerging success and the number of nests at two meter intervals as
measured from the top of the dune at the treatment study site in 1998. Emerging
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washed out by tides, ghost crab invaded and root invaded out of the total number
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Discussion
Nest Placement
The treatment study site was significantly wider after nourishment and this
resulted in additional nesting habitat (Figure 12). The increase in width was an
expected consequence of adding enormous amounts of sand to the beach
(ARNOLD, 1995; CRAIN et al. , 1995; ERNEST et al. , 1998). However, regardless of
how much dry sand was available, a truncated beach profile prevented most
females from reaching higher areas of the beach. On nearby beaches,
loggerheads nest within a few meters of the base of the primary dune (RAYMOND,
1984, WITHERINGTON , 1986; WOOD, 1998). The peak distribution of nests on the
control beach was 3 to 5 m from the top of the dune. In contrast, loggerheads
nested significantly further from the top of the dune on the treatment beach in
1997. Loggerheads have also nested further from the dune on other nourished
beaches (RAYMOND , 1984; NELSON et al. , 1987; EHRHART, 1994; ERNEST et al.,
1998; locco, 1998). At the treatment study site, the main cause for this
discrepancy was a seaward scarp that was 15 to 17 m from the top of the dune
(Figure 21). The scarp prevented females from advancing onto the upper beach
platform (Figure 21 ).
Scarps are a predictable consequence of beach nourishment projects
(NELSON et al., 1987; NELSON and DICKERSON, 1988; ERNEST et al., 1998;
STEINITZ et al., 1998). Properties of the sand that may lead to scarp formation
include higher shear resistance (i.e., compaction), smaller grain sizes and higher
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moisture content (NELSON and DICKERSON, 1988; CORNELISEN, 1996; HILLEL,
1998). All of these were found at the treatment study site and not at the control
study site in 1997 (PARKINSON and MAGRON, 1997). Many turtles turned around
at the scarp without nesting (Figure 21 ). However, 42% of the nests were
deposited below the scarp (Figure 28). The result was a peak in the distribution
of nests and abandoned attempts in this area (Figure 28). In 1998, the absence
of a scarp at the treatment study site resulted in turtles nesting closer to the dune
(Figure 29).
Nests at the treatment site were further from the top of the dune, but they
were also further from the high tide line in 1997 (Figure 12). This meant that
nests were not necessarily in danger of tidal inundation. Nest distributions have
been further from the dune and tide line on other nourished beaches (EHRHART,
1994; ERNEST et al. , 1998; locco, 1998). However, the nest placement
percentage was closer to the tide line and the distribution of nests across the
beach was essentially bimodal (Figures 12, 28). Most of the nests were either
very high or very low on the beach. This left many of the nests near the scarp
susceptible to being washed out by high tides or inundated (ERNEST et al., 1998).
Nourished beaches are typically unstable until much of the sand is reworked by
waves (MONTAGUE, 1993). Nests that are deposited during July when the ocean
is relatively calm may be washed out in early fall tropical storms. Many nesting
projects translocate nests to higher ground for this reason (BURNEY and
MATTISON, 1989; MONTAGUE, 1993, HERREN and CROSS, 1995). Nests at the
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treatment study site were not translocated and 12% of the nests were washed
out by storm tides in 1997.
The south beach became progressively wider over the three years (Figure
12). This may have been an artifact of the lower than usual tropical storm activity
in 1997 and the relatively late start of the tropical season in 1998 (MAHER AND
SEVEN, 1997, 1998). The south study site had a shallow slope from the spring
high tide line to the base of the dune (Figure 20). Because of this , larger
fluctuations in beach width may have occurred between storm high tides and
calmer periods. In 1996, the tropical season was very active and storm waves
struck the Florida coast as early as July and August (MAHER AND SEVEN, 1996).
In contrast, only one named storm affected Florida's East Coast in 1997 (MAHER
AND SEVEN , 1997) and , in 1998, 65% of the tropical storm activity began in
September and October (MAHER AND BEVEN, 1998). The result was that in 1997
and 1998, the beach was accreting (i.e. , gaining sand) during most of the
summer. As the south beach widened , loggerheads began nesting farther from
the dune and in more varied locations (Figure 12). Nests are more spread out on
wider and shallower sloped beaches (e.g. , CARDINAL et al., 1996; locco, 1998).
The mechanism loggerheads use in nest site selection is not well
understood (DODD, 1988). It may have something to do with how far they travel
up the beach and how much they rise above the water level (EHRHART, 1994).
Proximal cues may indicate where to place nests (WOOD, 1998). Possibilities
include the sand temperature (STONEBURNER and RICHARDSON, 1981 ), beach
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moisture (CAMHI, 1993; WOOD, 1998; locco, 1998) and beach slope (WOOD,
1998). Support for these cues has been mixed. Loggerheads may use
temperature gradients in nest-site selection (STONEBURNER and RICHARDSON,
1981). However, evidence for this has been lacking (CAMHI, 1993; locco, 1998;
WOOD, 1998). Loggerheads do not appear to use moisture gradients either
(CAMHI, 1993; locco, 1998; WOOD, 1998). Instead, loggerheads and hawksbills
(Eretmochelys imbricata) may use the beach slope as a cue to nest site selection

(HORROCKS and SCOTT, 1991; WOOD, 1998).
Slope may be a reliable indicator since it is related to the beach elevation
and varies less over time than moisture and temperature gradients (WOOD,
1998). There is evidence that loggerhead nest sites are related to significant
increases in slope (WOOD, 1998). Most nest site selection studies have
considered proximal cues separately. Instead, turtles may use multiple cues
during the selection process (WOOD, 1998). After other thresholds (e.g.,
temperature and moisture) are surpassed during emergence, beach slope is the
one environmental factor that may reliably indicate to the female the location of
elevated nesting habitat (WOOD, 1998). In 1997, mean nest slopes between
study sites were not significantly different and suggested that turtles selected
similar slopes, but at varied cross-shore locations (Figures 12, 14).
If slope is used in nest site selection, it may explain why loggerheads at
the treatment beach nested on the top of the dune or, in some cases, fell off the
backside in 1997. At the control beach in 1997, the slope increased as distance
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from the top of the dune decreased (Figure 15). However, the slope at the
treatment beach decreased as the distance from the top of the dune decreased
(Figure 17). During nourishment, the upland sand was placed to the very top of
the primary dune and , therefore, it obliterated any dune rise. Of the turtles that
crawled above the scarp in 1997, 43% nested on the top of the dune vegetation
(Figure 28) .
Four loggerheads crawled past the top of the treatment beach dune and
fell off the backside. They crawled extensively through the vegetation behind the
dune, attempting several times to ascend the backside. One female was killed
by a motor vehicle after wandering onto Highway A 1A and another was found in
the morning , attempting to climb the dune's backside. Nourishment that covers
most of the primary dune may cause females to wander into the dune vegetation
or become disoriented by lights that might otherwise have been hidden
(RAYMOND , 1984; EHRHART and UONG, 1996). When females coincidentally

emerge in front of flat open areas that lack dune rises , turtles are known to stray
inland (EHRHART and UONG, 1996).
Poor nest site selection can also leave hatchlings too far from the sea,
resulting in a greater chance of depredation or disorientation (e.g. , CAMHI , 1993).
Hatchlings appear to need a darker land horizon than sea horizon to orient
properly toward the water (SALMON et al., 1995b). Flatter land horizons have
resulted in more hatchling scatter during emergence presumably because they
were lighter (SALMON et al., 1995b). In 1997, the treatment beach appeared to
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provide hatchlings with a flatter and lighter land horizon. Hatchlings from several
of the nests in the treatment study site were disoriented after they emerged. In
one instance, eight hatchlings were found along a path near Highway A 1A.
There were few lights in the area that could have led them astray (WITHERINGTON
and MARTIN, 1996). These disoriented hatchlings may have also fallen off the
dune's backside. Because adults and hatchlings may benefit from a dune rise,
future nourishment projects should leave a dune face and avoid grading the
beach to the very top of the dune (CAMHI, 1993; SALMON et al., 1995a; SALMON et

al. , 1995b; ERNEST et al., 1998).
Instead of using proximal cues for nest placement, turtles may simply
crawl a random distance from the tide line before digging (MRosovsKY, 1983;
ECKERT, 1987; HAYS et al. , 1995). Clumped nest distributions would simply be
the effect of the dune vegetation forcing loggerheads to nest in just in front of it
(HAYS et al. , 1995). Widely spaced nest placement occurs where there is a
sufficiently wide beach (CARDINAL et al. , 1996). In this instance, there are several
advantages of dispersing clutches. Loggerheads presumably evolved to lay a
large number of eggs to ensure that at least some will survive. As long-lived
iteroparous reptiles , they may be maximizing their fitness by spreading clutches
across an unpredictable environment (MRosovsKY, 1983, CAMHI, 1993). In this
way the destruction of a nest in one area does not mean a complete loss of
reproductive output (ECKERT, 1987). However, the question of whether nest
placement is random depends on the scale. For example, on a larger scale, nest
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distribution may be clumped with loggerheads actively choosing sites from the
available habitat (CAMHI, 1993). On a smaller scale, nest distribution may appear
more randomly dispersed within the boundaries of the spring high tide line and
the base of the dune.

Incubation Periods
Despite the two nourished beaches having significantly cooler sand
(PARKINSON AND MAGRON , 1997; PARKINSON AND LUCAS, 1998), there were no
differences in the length of incubation until 1998. The sand at the south study
site and treatment study has been about 1° C cooler than sand at the control
study site (CORNELISEN, 1996; PARKINSON and MAGRON, 1997). According to
laboratory studies, a 1° C decrease in temperature results in a five day increase
in the incubation period (MROSOVSKY and YNTEMA, 1980; MROSOVSKY, 1982).
However, several factors add to the variability of this relationship. First, an
increase in the incubation period ranges from four to eight days depending on the
amount of metabolic heating generated by the clutch (MRosovsKY, 1982).
Second , incubation conditions in the field are much more variable than laboratory
conditions with regard to the temperature and moisture of the sand.
Moisture can affect the thermal regime and change the thermal
conductivity of the sand (ACKERMAN et al., 1991; ACKERMAN, 1997; HILLEL, 1998).
In this way, the sand temperature may change depending on the amount of
moisture (ACKERMAN, 1997). The sand at the nourished study sites has been
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significantly wetter than at the control beach (PARKINSON and LUCAS, 1998). If
higher moisture in the nests on the treatment beach retained more metabolic
heat than in the nests on the control beach , this would have dampened potential
differences in the length of incubation (ACKERMAN et al., 1991 ). Small differences
in the sand temperature may be masked by metabolic heating, if moisture levels
are higher than normal. Some evidence for this came in 1998.
The summer of 1998 was unusually dry and hot at Sebastian Inlet (R.
JOHNS, pers . comm .). Rainfall during May and June 1998 totaled only 6.40 cm at
Sebastian Inlet State Recreation Area (R. JOHNS, pers. comm.). In contrast,
rainfall during the same months in 1996 and 1997 totaled 33.60 cm and 28.58
cm , respectively (R. JOHNS, pers. comm .). Because rain is the chief source of
water in the sand above the high tide line (ACKERMAN , 1997), the moisture
content of the sand at all the sites was lower in 1998 (PARKINSON and LUCAS,
1998). The lower moisture combined with high summer temperatures speeded
up incubation periods on all the study sites in 1998 (Figure 23). There were
fewer differences in moisture content between study sites, yet sand temperatures
remained lower on the nourished sites (PARKINSON and LUCAS, 1998). These
changes may have been the reason I found differences in the number of days to
incubation in 1998. The relationship between the effect of moisture on clutch
temperature needs further study (JANZEN and PAUKSTIS, 1991; ACKERMAN, 1997).
In addition, future nourishment studies measuring temperature and moisture
should include a measure of the clutch temperature.
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The sex ratio may have been different in nests on the treatment beach
and south beach when compared to nests on the control beach. However, I did
not directly measure this and estimating sex ratios has many limitations. TSO
depends on the nest location , egg location and the sand temperature at one
critical point during incubation (STANDORA and SPOTILA, 1985; MROSOVSKY 1988;
MARCOVALDI et al., 1997; HANSON et al. , 1998). In addition pivotal temperatures
between populations may vary (MROSOVSKY, 1988; MARCOVALDI et al., 1997).
The issue is further complicated by the considerable inter-daily and diurnal
temperature variations on the beach. It would be tenuous to draw conclusions
from the monthly sand temperature measurements because the sampling
protocol did not account for daily temperature fluctuations (PARKINSON and
MAGRON , 1997). Putting aside the above caveats, sex ratios on the control,
south and treatment study sites may be estimated based on incubation durations
(MARCOVALDI et al. , 1997; HANSON et al. , 1998).
The pivotal incubation duration of loggerheads in Brazil has been
estimated at 59 .3 days in the field (MARCOVALDI et al. , 1997). Nests emerging
after 59.3 days were expected to be male biased and those emerging before
59.3 days were expected to be female biased (MARCOVALDt et al., 1997). Based
on this number and the incubation durations of nests in the present study, over
70% of the nests on all the study sites would have been entirely female in 1996
and 1997 (MARCOVALDI et al., 1997; HANSON et al., 1998). During 1998, nests on
all the study sites would have been 100% female. Using the same estimations,
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nourished and natural beaches have not had different sex ratios because both
beaches were hotter than the temperature required to produce males (HANSON et
a/. , 1998). The exception was that several nests on the natural beach were in
shaded vegetation and predicted to produce males (HANSON et al., 1998). Many
nests were in the vegetation on the control beach , but they were depredated by
raccoons . These nests may have produced more males had they not been
depredated . The potential for differences in sex ratios between natural and
nourished beaches warrants further investigation.

Hatching Success, Emerging Success and Egg Fates
A significant reduction in hatching success was documented for nests in
the nourishment sand in 1996 and 1997 (Figure 24) . In contrast, hatching
success has not been significantly reduced on other nourished beaches
(RAYMOND, 1984; NELSON et al. , 1987; WITHAM, 1990; BROADWELL, 1991; LUTZ et
a/. , 1991 ; BURNEY and MATTISON, 1992; RYDER, 1993; MILTON et al., 1997;

ECOLOGICAL ASSOCIATES, 1998a; locco, 1998; STEINITZ et al., 1998). The sand
on the south and treatment beach was probably unsuitable. The micro-climate of
the sand determines the exchange of water and respiratory gases in the nest. If
the climate is sub-optimal , so to will be the exchange of these important factors
(ACKERMAN et al. , 1991 ).
Abiotic factors that may have had a large impact on hatching success
were moisture, grain size and mud content (ACKERMAN, 1997). Since
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renourishment in 1993 at the south beach and nourishment in 1997 at the
treatment beach , the sand on both beaches has had higher moisture (1 to 3 % by
weight) , more mud and smaller grain sizes (approximately 0.35 mm finer;
PARKINSON and PEREZ-BEDMAR, 1993; CORNELISEN, 1996; PARKINSON and LUCAS,
1998). The higher moisture may have been particularly detrimental to
development. High sand moisture impedes gas exchange across the eggshell
(PACKARD et al., 1977; ACKERMAN , 1991 ), and results in decreased success
(BUSTARD and GREENHAM, 1968; McGEHEE, 1990). In studies where hatching
success was not significantly different between nourished and natural beaches,
the moisture content was not significantly different either (RYDER, 1993; NELSON

et al. , 1987; STEINITZ et al., 1998; locco, 1998).
The sand 's response to moisture depends on its water potential, sorting
and grain size (HILLEL, 1998). The relationship is complex. Water potential is the
negative pressure exerted as drying sand holds on to water particles (ACKERMAN,
1991 ; ACKERMAN , 1997). In a survey of natural and nourished beaches, there
was little difference in water potential (ACKERMAN et al., 1991, 1992). However,
the nourished beaches had significantly higher moisture levels and,
consequently, gas permeability may have been reduced to half of that found on
the natural beaches (ACKERMAN, 1977; ACKERMAN et al. , 1991). Furthermore,
higher moisture may be caused by poor sorting (i.e., layering) in the nourishment
sand (ACKERMAN et al. , 1991; HILLEL, 1998). Poorly sorted sand has been related
to low hatching success (SCHWARTZ, 1982; MORTIMER, 1990).
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Smaller grain sizes have also been related to low hatching success
(WYNEKEN et al., 1988; MORTIMER, 1990). Finer sand will retain greater amounts
of moisture (HILLEL, 1998; CORNELISEN , 1996) and, therefore, can lower success.
However, this relationship may not always exist (ACKERMAN et al., 1991, 1992;
RYDER, 1993). The presence of mud may be the determining factor since mud
causes the sand to become more compact (CORNELISEN , 1996). Compact soil
will drain very slowly (HILLEL, 1998). If the higher shear resistance in the
nourishment sand meant that it was more compact (see ACKERMAN, 1997), then
the nourishment sand would have drained more slowly and inhibited gas
exchange (ACKERMAN et al., 1991 ).
The combination of high moisture, smaller grain sizes and more mud on
the nourished beaches probably acted to reduce gas exchange and, therefore,
lower hatching success in 1996 and 1997. In contrast, sand moisture was lower
over all study sites in 1998 (PARKINSON and LUCAS, 1998). The drought in the
summer of 1998 may have been why hatching success increased in nests at the
south beach and treatment beach . Sand water content on the nourished
beaches may have been at a lower percent saturation in 1998 and, therefore,
hatching success improved . Ironically, the improvement in hatching success only
occurred when it was abnormally dry.
Reptilian eggs need some moisture during incubation (BUSTARD and
GREENHAM, 1968; PACKARD et al. , 1977; McGEHEE, 1979; MORRIS et al., 1983).
In sea turtles, water appears to be more important for the exchange of water
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vapor, which becomes saturated with respiratory gases (ACKERMAN et al., 1985;
ACKERMAN, 1991). Sea turtle eggs do not hatch in extremely low moisture levels
(BUSTARD and GREENHAM, 1968; McGEHEE, 1979). The eggs incubating in the
control sand may have experienced some decrease in hatching success in 1998
due to the lack of water (BROADWELL, 1991 ). The nourishment sand appeared to
be able to retain more water, whereas, the natural sand appeared to lose more
water (CORNELISEN , 1996). Lack of water appears to affect embryos from the
middle to later stages in development (MCGEHEE, 1979; MORTIMER, 1990),
whereas , too much water affects them at earlier stages or just after hatching
(RAGOTZKIE, 1959; KRAEMER and BELL, 1980; McGEHEE, 1979; WHITMORE and
DUTTON , 1985; HERREN and CROSS, 1995; EHRHART and UONG, 1996).
A higher percentage of eggs died early in development on both the south
study site and the treatment study site when compared to the control study site
(Figure 25). Most were addled , early embryo and unknown types (Figure 25).
This would support the contention that reduced gas permeability of the wetter
nourishment sand inhibited development within the first week (EHRHART, 1995).
The first few weeks of incubation are critical for embryonic development (BLANK
and SAWYER, 1981 ). In contrast, turtles that die just after pipping or hatching in
wet sand are related to periods of tidal inundation and high rainfall, which
asphyxiate hatchlings (RAGOTZKIE, 1959; KRAEMER and BELL, 1980). I saw little
evidence of this on any of the study sites.
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A higher percentage of late embryo and pipped turtles died in the control
beach sand , which was drier than the nourished beaches. Several possibilities
could have caused this to occur. First, sand that is coarser like that at the control
beach could have desiccated embryos during the drier summer of 1998
(MORTIMER, 1990; BROADWELL, 1991 ). Second, sand in the nest chamber may
have lost its cohesiveness if it was too dry (BUSTARD and GREENHAM, 1968;
MANN , 1978). The result would be a collapse of the chamber that would
suffocate late term embryos at the time when oxygen concentrations in the nest
were severely reduced (PRANGE and ACKERMAN, 1974; ACKERMAN, 1977; MANN,

1978).
Throughout 1996, 1997 and 1998, I found no evidence that emerging
success was significantly different from hatching success on the nourished
beaches (Tables 5, 6, 7) . After the female loosens the sand during digging of the
egg chamber, there was no subsequent hardening of the sand over the chamber
during incubation (RAYMOND, 1983; BROADWELL, 1991 ; RYDER, 1993). The
percent emerged was only slightly lower on the control site in 1997, possibly due
to egg chamber collapse or plant roots (CALDWELL, 1959; Table 6). The
proportion of infertile eggs was very low at all study sites and consistent with
other estimates (BLANK and SAWYER, 1981; WYNEKEN et al., 1988; Tables 5, 6, 7).
Significant differences in egg fertility between study sites were specific to
individual nests and probably related to sampling error.
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Relationship between Emerging Success and Nest Location
Reproductive success did not have a linear relationship with cross-shore
nest distances or slopes at any of the study sites (Tables 8, 9). A patchy mix of
nourishment and natural sand spread across the beach may have been one of
the reasons 0/VOOD, 1998). Since 1993, the south beach sand has become more
like the control sand in moisture content, temperature and percent carbonates
(PARKINSON and LUCAS, 1998). However, there are still significant differences in
some areas of the beach and on some sampling dates (PARKINSON AND LUCAS,
1997). This is also true of the treatment beach (PARKINSON and LUCAS, 1998).
On the south beach , the areas where there were still likely to be significant
differences in sand properties (e.g ., the base of the primary dune) were also
areas where loggerheads nested (Figure 20).
Emerging success was highest in the middle of the beach and lowest near
the top of the dune and the spring high tide line. Biotic and abiotic factors
reduced emerging success at the two extremes. Roots have been known to
destroy entire clutches (CALDWELL, 1959; RAYMOND, 1984; WITHERINGTON, 1986).
However, the percentage of nests that had eggs with roots in them was small
(Figure 30). Raccoons depredated between 25% and 50% of the nests at the
control and treatment beaches (Figure 30). Most of these were near the dune
and vegetation (Figures 26 , 29). This may be because they were closer to
frequently traveled raccoon paths or the nests were shallower and, therefore,
easier to depredate (WITHERINGTON, 1986). One of the main abiotic factors that
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destroys nests is high tides (CALDWELL, 1959; HOPKINS et al., 1979;
WITHERINGTON, 1986). However, nests washed out by tides occurred infrequently
throughout the study period (Figure 30).
On all the study sites, hatching success was highest at 4 to 6 m and 9 to
14 m from the top of the dune. Most nests were not deposited in this area on the
south and treatment beach (Figures 27, 28). In the absence of raccoon
depredations and nests washing away from high tides, low hatching success
appeared to be related to inferior nest-sand environments and poor site
selection. Selection pressures near the dune (e.g., raccoon depredation, roots)
and tide line (e.g., inundation) did not keep females from nesting in those areas
(CAMHI, 1993; RESETARITS, 1996). It may be that females were maximizing their
own survival, instead of the success of any one nesting event (ECKERT, 1987;
CAMHI, 1993). They may have been choosing sites that were easier to get to
(i.e., less energy expended) or easier to excavate. In the treatment study site,
these areas would have been below the scarp or on top of the dune, where less
compact sand was present. In addition, loggerheads are probably less likely to
respond to short-term changes in habitat suitability since such variation occurs
daily on the beach (e.g., tide fluctuations, storm waves, etc.). Superior nesting
environments are probably selected for over evolutionary time. It is probably no
coincidence that the most heavily used marine turtle nesting beaches in the world
have characteristics conducive to successful nesting (WITHERINGTON, 1986).
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Limitations and Possible Sources of Error
The unknown egg fate category was higher on the south site and
treatment site throughout the study period (Figure 25). Most of these eggs were
depredated by ghost crabs(> 90%). It is not clear whether ghost crabs consume
post-mortem eggs or actually destroy viable ones. If ghost crabs destroyed eggs
before they died , it may indicate that the crabs were more plentiful or better at
locating nests on the nourished beaches. Ghost crabs prefer moist and friable
sands , such as areas where females have nested (WITHERINGTON, 1986). I did
not make a systematic count of ghost crabs in nest chambers or a population
estimate. However, the proportion of nests invaded by ghost crabs changed little
across years (Figure 30) . Most of the eggs ghost crabs opened had probably
died earlier. If this was not the case, it could have meant that ghost crabs were
responsible for a large part of the reduction in hatching success.
I did not use nests that were depredated by raccoons or washed out by
high tides . These disturbances appeared on some sites and not others (Figure
30). The nests I used to compare emerging success may not have been a
representative sample of "natural" success. Disturbances were related to nest
location , storm tides, beach profiles and predator abundance. They could not be
controlled. In this sense, each study site was only one replicate. It would have
been better to have many control beaches and many nourished beaches to
sample. However, this was not possible due to logistical and financial limits.
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It is not clear why significant differences in reproductive success were
found between the control site and the treatment site in 1996. The treatment
study site was in a pre-nourishment state and had not been directly nourished in
the past. However, the moisture content, grain size and temperature were
similar to the south study site in 1996 (J .P. MAGRON, pers. comm.). One
possibility is that renourishment sand from the north was indirectly deposited by
the long-shore current onto the treatment beach . After renourishment in 1989
and 1990, long-shore currents were expected to distribute the material southward
(WALTHER et al., 1992). This spreading was encouraged in order to mitigate the

erosive impact of Sebastian Inlet on the south beaches (WALTHER et al., 1992).
The treatment site was 2 km south of the south beach and could have been
indirectly "renourished ." If this occurred in 1990 and again in 1993, it is quite
likely that the treatment site in 1996 was a mosaic of natural and renourishment
sand similar to the south site.
Several other possibilities for the low reproductive success included
contaminants in the renourishment sand and inlet hydrodynamics. Sand dredged
from the Inlet and used in renourishment may have contained toxic substances
that inhibited embryonic development (MONTAGUE, 1993; CRAIN et al., 1995).
However, it is more likely the hydrology (e.g. currents and wave patterns) around
the inlet and near-shore rock reefs has affected the sand properties of the south
beaches (CORNELISEN, 1996). Sebastian Inlet traps certain types and sizes of
sand that would otherwise be deposited on the south beaches by the long-shore
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current (DAVIS, 1988; WANG and LIN, 1992; WALTHER, 1995). The near-shore
rock reefs may also influence the sorting of sands (WALTHER, 1995). Erosion on
the south beaches has created a much lower beach platform. Water tables are
closer to the surface and elevations relative to sea level are lower on both the
south site and treatment site (J.P. MAGRON, pers. comm.). Higher ground water
tables combined with lower beach elevations may have increased sand moisture
at nest depth (JOHANNES and RIMMER, 1984; MORTIMER, 1990). This problem is
compounded because nourishment sand has a greater potential to retain
moisture. Whether these variables contributed to the lower reproductive success
is not known , but warrants further investigation.
Much of the reproductive success data failed normality tests and did not
have equal variances among study sites. Small sample sizes also hindered the
analysis in 1997. Non-parametric tests are not as robust in detecting differences
between and among groups (HEATH , 1995). One of the problems with the
hatching and emerging success data was that it often followed a bimodal
distribution . The study sites commonly had nests that did not hatch at all (0%) or
nests that did very well (>90%).

Consequently, the sample means were not

always the best representations of the sample populations.

Conclusion
The nourishment at the treatment study site negatively affected nest
placement (e.g., scarps) and emerging success. Higher moisture, smaller grain
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sizes and lower temperatures of the nourishment sand appeared to have altered
the nest-sand environment enough to significantly reduce emerging success.
Lower success was reflected in the greater proportion of eggs that died early in
development. An extremely dry summer in 1998 may have introduced better
incubation conditions on the nourished beaches. However, the results were
specific to the locations studied. Extraneous variables such as non-random
raccoon depredation and inlet influences could have affected the results. More
research is needed on the effect of nourished beaches on sex ratios and on the
natural variations in nest-sand environments (e.g., moisture and oxygen levels).
Predicted climatological changes coupled with increasing developmental
pressures will ultimately result in more beach nourishment projects in the future.
Many of these will impact nesting beaches. Only through collaborative efforts
between coastal engineers, coastal geologists and sea turtle biologists will beach
nourishment alleviate erosion while providing a suitable beach for nesting
loggerheads.
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RECOMMENDATIONS

Beach nourishment projects are inherently site specific and no single
recommendation will hold true for all projects. However, it is hoped that through
collaborative research solutions can be obtained .

1. Shape the nourished beach to resemble a more natural profile. Nourished
beaches often have unnatural profiles (e.g., scarps) that disrupt or impede
nesting. Nesting females and hatchlings may benefit from a natural dune rise
instead of a flat nourishment berm that ends abruptly on top of the dune. This
may entail building a small dune (e.g. , dune restoration) or lowering the extent of
the berm so that it does not come up to the top of the primary dune.

2. Nourish the beach in many shorter sections instead of one long section.
Turtles that crawl into seaward scarps will be less likely to nest below them if
available habitat is nearby. Conversely, successful displacement of females
away from scarped beaches would be restricted if one long section were
nourished. Shorter sections could be implemented in a step wise fashion over
time. For instance, one section of beach could be nourished one year while the
other sections are nourished in successive years.
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3. Use sand with grain size distributions similar to the native material.
Finer sands may retain more moisture and reduce gas exchange inside nests.
This may be especially true if they contain more mud. Projects should be wary of
reporting a mean grain size since the material may show a bimodal distribution
(DAVIS

et al., 1999). For instance, the sand placed on the south study site in

1993 had greater amounts of fine particles (e.g., mud) and greater amounts of
gravel containing shells of lagoonal origin (CORNELISEN, 1996). It would be
inappropriate to report the mean grain size because most of the particles would
be above or below the reported mean. Instead, it is recommended that the grain
size distributions of the borrow material and native material be as similar as
possible.

4. Translocate nests that are beneath scarps or within 5 m of scarps. Many of
the nests below scarps will have poor hatching success. By translocating nests
to higher ground, the scarp may be leveled during the nesting season without
endangering nests. Nests can be translocated easily within 12 hours of
deposition by experienced personnel. Nests do not have to be moved to a
hatchery, but can be moved to open areas closer to the dune. All nests should
be marked and locations recorded with respect to the long-shore and cross-shore
axis.
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UNSOLVED PROBLEMS AND FUTURE RESEARCH

1. Measure physical properties of the sand adjacent to nest sites. Since
nourished beaches are likely to be a mosaic of natural and nourishment sand,
the sand properties at randomly selected transects may not be the same as
those at nest sites . In order to alleviate this and begin to understand how
variations in properties of the nest-sand environment affect incubation, it is
recommended that researchers take sand samples within 1 m of nest sites.

2. Determine the relative abundance of predators, human traffic, lights and other
disturbances that may cloud the results. These variables make drawing
conclusions difficult. Raccoon depredation should be controlled through trapping
efforts. Ghost crab burrow density should be recorded or, if possible, controlled.
Human traffic and lights should be kept to a minimum since they may make the
beach unattractive for nesting females. The study sites should be chosen so
they are similar with respect to these factors.

3. Place temperature data loggers in nests and outside nests to quantify the
amount of metabolic heating. Temperatures inside nests are different from the
outside sand due to metabolic heating. If the sand has higher moisture content,
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differences may be exaggerated further. Deployment of data loggers would allow
frequent measurements that would capture diurnal fluctuations in nest
temperatures .

4. Measure moisture levels at frequent intervals. Moisture changes frequently.
A device that easily measures sand moisture in the field would allow more insight
into moisture changes over time. Sand porosity and the ability of the sand to
retain moisture should also be measured.

5. Measure gas concentrations inside nests. Few researchers have measured
oxygen and carbon dioxide concentrations in natural nests. If gas permeability is
reduced in nourishment substrates then this reduction should show up in lower
oxygen concentrations in nests. Oxygen and carbon dioxide samples could be
collected from nest sites during physical or biological monitoring (e.g., LUTZ et al.,

1991 ).

6. Gather information on the hydrology of the beach in the absence of
nourishment. Nearby unnourished beaches may be used as controls to
determine the effects of inlets and jetties on the beach in the absence of
nourishment. Nourished beaches may contain higher moisture levels because of
the proximity to inlets.
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7. Study the effects of varied sand types and moisture levels on hatching
success in a controlled environment. A random block design experiment using
an appropriate number of replicates could be conducted in a laboratory. The
independent variables would be moisture content and sand type. The sand
would have to be taken from the beach so that the sorting was not disrupted.
Once in the lab, eggs from different clutches could be incubated in test boxes
subjected to treatments (e.g. , low moisture and nourished sand).

8. Study the effects of nourishment sand on sex ratios. Nourishment sand may
be significantly cooler or warmer than natural sand and , therefore, could
potentially change the sex ratio . Beaches in Florida are thought to be producing
nests with strongly female biased sex ratios (MROSOVSKY and PROVANCHA, 1989).
Nourished beaches may be altering the natural sex ratio because of cooler
sands. In addition , nest placement is likely to differ between nourished and
natural beaches , which may affect sex ratio (CAMHI, 1993; HANSON et al., 1998).
Attributes of the sand that may influence temperature, including sand color,
inclination of the beach and absorption of radiation, should be measured
(CORNELISEN ,

1996).
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